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PREFACE 


The present volume represents the continuation of a series on Molecular Spectra 
and Molecular Structure which I started a number of years ago with a volume on 
Diatomic Molecules. It was originally intended to cover in the present book Infrared 
and Raman as well as visible and ultraviolet spectra of polyatomic molecules. How- 
ever, when a first draft had been completed, it appeared that a division into two 
volumes was necessary. The first of these on Infrared and Raman Spectra is 
presented herewith. A final volume of the series on Electronic Spectra and Electronic 
Structure of Polyatomic Molecules is in preparation. 

In writing this book I have constantly kept in mind the needs of both the beginner 
in the field and the more advanced student and research worker. For the benefit of 
the former I have spared no pains to make the explanations elementary and clear. 
Although a limited knowledge of elementary wave mechanics is assumed, difficult 
mathematical developments have been avoided wherever possible. When they were 
unavoidable they have been given in as straightforward and elementary a manner as 
possible and without too much regard for mathematical elegance. In particular no 
knowledge of group theory has been assumed. But, even though a knowledge of 
group theory is not assumed, many terms such as characters, representations, and 
so on, which occur frequently in the literature are explained and used wherever 


necessary. 

Throughout it has been one of my main concerns to make the reader visualize 
clearly the significance and meaning of results of the theory. To assist in this purpose 
a large number of illustrations has been included, some of which have not belore 
appeared in the literature. 

In order to make the book comprehensive and useful for the more advanced 
student and the research worker, discussions of many special points have been added 
in small type. This material is not necessary for an understanding of the subsequent 
text in so far as it is printed in ordinary type. In addition, for the benefit of those 
carrying out research work in the field of Infrared and Raman spectra or related fields, 
a large number of tables has been included in which theoretical results are summarized 
or observed data are collected. These tables are as nearly up to date as possible 
under present conditions. All assignments and analyses have been critically reviewed 
and if necessary changed. All data are based on a uniform system of fundamental 
constants (see the Appendix) and wherever necessary have been recalculated to fit 
this uniform system. In numerous footnotes to these ta.l)les inconsistencies in the 
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literature have been pointed out or differing data and interpretations have been 
indicated. 

Unfortunately no internationally accepted nomenclature exists for the spectra of 
polyatomic molecules, as it does for diatomic molecules. I have used a nomenclature 
as closely similar to that for diatomic molecules as possible. 

The very detailed subject index at the end of the book includes also all symbols 
and quantum numbers, as well as all cljemical compounds discussed in the book. 

G. Hekzbbrg 

Saskatoon, Sask. 

November, 1944 
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INTRODUCTION 


General remarks. The study of the spectra of diatomic molecules leads to pre- 
cise information about their rotational, vibrational, and electronic energy levels, and 
from these energy levels the internuclear distances, the vibrational frequencies and 
force constants, the energies of dissociation, and other data concerning the structure 
of diatomic molecules may be determined accurately. (See the writer’s Molecular 
Spectra and Molecular Structure I. Diatomic Molecules.^) Similar information 
about the structure of polyatomic molecules may be obtained from their spectra. 
The present volume deals with the information obtainable from the infrared and 
Raman spectra. A further volume is planned to deal with the information obtain- 
able from visible and ultraviolet (electronic) band, spectra. In the case of 'polyatomic 
molecules the situation is often greatly complicated by the fact that there are several 
internuclear distances, several force constants, several dissociation energies, and so 
on, which usually have to be determined simultaneously. To this complication of 
the structure corresponds in general a much greater complexity of the spectra of 
polyatomic as compared to diatomic molecules. Therefore it will not be practical 
to start, as can be done in the case of diatomic molecules, from the empirical regulari- 
ties; instead we have first to develop the theory and then use it as a guide in inter- 
preting the observed spectra. As in Molecular Spectra I we shall restrict our con- 
siderations mainly to the spectra of gases and vapors. 

While one of the ultimate aims is to determine accurately all internuclear distances 
in polyatomic molecules, an important step forward in a specific case is made if it 
is possible to determine qualitatively the shape of the molecule, that is, the arrange- 
ment of the atoms (whether or not the molecule is linear, and so on). Frequently, 
qualitative features of the spectrum are sufficient to allow one to draw such conclu- 
sions, particularly if the molecule has some symmetry. Quite generally, molecules 
of different symmetry have qualitatively different spectra. This is of much greater 
importance for polyatomic molecules than for diatomic molecules since for the former 
many more different types of symmetry (point groups) are possible than for the 
latter, which display only the homonuclear and heteronuclear varieties. It is there- 
fore imperative, before we begin our discussion of the spectra, to study the symmetry 
properties of polyatomic molecules. 

Symmetry elements and symmetry operations- By symmetry of a molecule wc 
mean the symmetry of the configuration of its nuclei or, in other words, of the nuclear 
frame. The position and the type of the nuclei determine this symmetry. 

A molecule, just as any other geometrical figure or object, may have one or several 
symmetry elements, such as a plane of symmetry, a center of symmetry, an axis of 
symmetry- To each symmetry element corresponds a symmetry operation — that is, 
a coordinate transformation (reflection or rotation) that will produce a configuration 
of the nuclei indistinguishable from the original one. Let us consider the various 
possible symmetry elements in more detail: 

^ In the future this book [^soe reference (9) of the biblioKtaijhy] will be referred to as Molecular 
Spectra I. 
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(1) -4. plane of symmetry, usually designated by a. By carrying out the corre- 
sponding symmetry operation (also called cr), reflection at the plane, the molecule, if 
it has a plane of symmetry, is transformed into one that is indistinguishable from 
the original one since only equal atoms are exchanged, , In brief: by the reflection 
the molecule is transformed into itself (or goes over into itself). In such a molecule 
having a plane of symmetry all atoms except those on the plane occur in pairs — -to 
every atom on one side of the plane there is an equal atom at the other side in a 
corresponding position. As an example consider the (non-linear) molecule XYa in 
which the two X— Y distances are equal (Fig. la). The plane perpendicular to the 
plane of the molecule and bisecting the angle YXY is a plane of symmetry; but also 
the plane YXY is a plane of symmetry. The molecule HaO is an example (see 
p. 280). A molecule XYs may have three planes of symmetry perpendicular to the 
plane formed by Ys (see Fig. lb) and if it is a plane molecule the plane of the mole- 
cule is also a plane of symmetry. The BF3 molecule is such a case (see p. 298). 

(2) A center of symmetry, usually designated by L By carrying out the corre- 
sponding symmetry operation (also called i), reflection at the center (inversion), a 
molecule having such a center is transformed into itself. In other words, if a line 
is drawn from one atom through the center and continued it will meet an equal atom 
at the same distance from the center but on the opposite side (if x, y, and z are the 
coordinates of the one atom with respect to the center as origin, —x, —y, —z are 
the coordinates of the other equal atom). Examples are the molecules X2Y4, X2Y2Z2, 
XY2Z2 if they have the structures indicated in Fig. Ic, d, and e. A molecule can 
have only one center of symmetry. There may or may not be an atom at the center 
of symmetry (see the examples XY2Z2 and X2Y2Z2). All other atoms occur in pairs. 

(3) A p-fold axis of symmetry, usually designated by Cp, where p = 1, 2, 3, • • • 
(<7 stands for cyclic). By carrying out the corresponding symmetry operation, 
rotation by an angle 360°/p about the axis, a configuration indistinguishable from the 
original one is obtained. The same applies, of course, if this operation is carried 
out twice, three times, and so on in succession — that is, if the system is rotated by 
71 (360/p) degrees where n — 1, 2, 3, • • - p — 1- These operations are called Cp, (C^,)", 
(Cp)^, • • - , respectively, n = p the original configuration is obtained. Therefore 
it follows that to every atom not on the axis there are p — 1 other equal atoixis at 
the same distance from the axis, in the same plane and equally spaced about the 
axis. A one-fold axis, of course, means no symmetry at all. If a tivo-fold axis, €->, 
is present, a rotation of 180® about the axis will transform the molecule into itself. 
In the molecule XY2 (Fig. la) the line bisecting the YXY angle is a two-fold axis. In 
the molecule X2Y4 (Fig. Ic) there are three mutually perpendicular two-fold axes. 
In the molecule XY3, if it is plane (Fig. lb), there are three two-fold axes going 
through each one of the lines XY. The molecules X2Y2Z2 (Fig. Id) and XY2Z2 
(Fig. le) each have a two-fold axis perpendicular to the plane of the molecule and 
XY2Z2 has in addition two two-fold axes in the plane. In the case of a three-fold 
axis, Cs, a rotation by 120° transforms the molecule into itself. There must be at least 
one set of three equivalent atoms. An example is the molecule XY3 (Fig. lb), even 
if X is not in the plane Y3. NH3 represents such a case (see p. 294). Tlie tliree-fold 
axis is of course perpendicular to the plane formed by the three Y atoms and goes 
through X. A molecule X2Y6 is a further example (see Fig. If) if the six Y atoms 
are arranged in two groups that are symmetrical about the X — X axis (ethane, C2l:I(;, 
see p. 342). Examples of molecules with /oar-, five-, and six-fold axes of symmetry 
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are given in Fig. Ig, h, i. The axes are perpendicular to the plane of the paper. 
A rotation by 90°, 72°, and 60°, respectively, transforms the configurations shown 
into themselves. The CeHe molecule (see p. 363) represents an actual case of a 



(j) 


t'Ki. 1. Illustrations of symmetry elements in polyatomic molecules. — ^I’lancB of symmetry 
are inclicjited by broken lines (lonp; dashos), .axes of symmetry by dot-dtish lines. 

molecule having the structure shown in Fig. li. In principle, any higher-fold a.vis 
is possible; but in practice such axes are not of great importance except for the co-fold 
axes (Coo), iilso called infinite a,xcs of symmetry. In a, molecule with an oo-fold axis 
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a rotation of 360°/ oo , that is, of an infinitely small angle, and therefore also of any 
angle, will transform the molecular configuration into an indistinguishable one. Such 
molecules are the linear molecules in which all atoms lie on one straight line, namely 
the oo-fold axis. Fig. Ik gives an example. HCN is an actual case (see p. 279). 
All diatomic molecules have such an oo -fold axis. 

(4) A p-fold rotation-reflection axis, usually designated by Sp. In a molecule 
having such an axis a rotation by 360°/p about the axis followed by a reflection at a 
plane perpendicular to the axis will transform the molecule into itself. For example, 
the molecule X2Y2Z2 (Fig. Id) has a two-fold rotation-reflection axis (S2) in the line 
X— X and another one perpendicular to this line in the plane of the molecule. While 
a rotation by 180° about one of these axes does not transform, the molecule into 
itself, a rotation followed by reflection at a plane perpendicular to the axis does. It 
is seen, however, that a two-fold rotation-reflection axis is always identical with a 
center of symmetry (S 2 = i) since the same pairs of atoms are exchanged in the two 
operations. Any molecule that has a js-fold axis (Cp) as well as a plane of symmetry 
<r/i perpendicular to this axis has of course also a p-fold rotation-reflection axis 8p. 
But only when p is odd does the existence of Sp necessarily imply the existence of 
Cp as well as <rh- For example, the plane molecule XY3 in Fig. lb has the symmetry 
element Sz as well as Cz and ah- Similarly the plane molecules XY4, XsYio, and XeYo 
in Fig. Ig, h, and i have the symmetry elements ^4, Ci, cTh; S5, Cb, o-^, and Sa, Cz, <rh, re- 
spectively. But if in XY4 and XeYe the Y atoms are alternately above and below 
the plane of the paper they would still have a four- and six-fold rotation-reflection 
axis, Si and Sz, respectively, but no longer Ci, Cz and ah, since neither rotation by 
360°/4 = 90° and 360°/6 = 60° respectively nor reflection in the plane of the paper 
transforms the molecules into themselves. 

(5) The identity, here designated by I? This is a trivial symmetry element which 
all molecules have no matter how unsymmetrical they are. The corresponding 
symmetry operation is to leave the molecule unchanged. Naturally, then, the “new’' 
configuration cannot be distinguished from the original one. The reason for the 
introduction of this symmetry element is a mathematical one. If it is included one 
can say quite generally that if two symmetry operations are carried out in succession 
the result is the same as that of one other possible symmetry operation of the mole- 
cule. For example, if in the molecule XY3 of Fig. lb we label the Y atoms by Y(„), 
Y(6), and Y(c), and carry out first a reflection at the plane ag,') and subsequently 
a clockwise rotation about Cz the same result is obtained as if we had carried out 
only a reflection at or(c). If we carry out two reflections at o-(a) in succession we obtain 
the original configuration: that is, two reflections at the same plane are equivalent 
to the identity I. Similarly two successive clockwise rotations about Cz are equiva- 
lent to one counter-clockwise rotation, while three successive rotations are equivalent 
to the identity. These examples may also be written in the form of equations: 

X C3 = o-<.), (<r(„))2 = 7, {Czf = {Cz)-\ (Ca)^ = 7. 

Mathematically a number of elements (of any kind) such that the iiroduct of any 
two is again one of them is called a group. 

All the above symmetry operations leave at least one point unchanged. In (crystals, tlie oixua- 
tions of translation and screw motion, which leave no point unchanged, have also to Ix^ considered. 

^ In the literature it is usually designated by E. However, since E is used to indicate a degenerate 
species (see p. 108) and since both the symbols for identity and for a degenerate species frequently 
occur in one and the same table (sec p. 110f.)» wo prefer to use I for identity. 
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Point groups. In general a molecule has several of the above symmetry elements 
(see the examples of Fig. 1). By combining more and more symmetry elements 
systems of higher and higher symmetry are obtained. However not all combinations 
of symmetry elements are possible, but only certain ones; for example, a molecule 
cannot have a three-fold axis and a four-fold axis in the same direction. On the 
other hand, the presence of certain symmetry elements frequently implies the 
presence of certain others; if a molecule has two planes of symmetry at right angles 
to each other (XY2, Fig- la) it has necessarily a two-fold axis, the line of intersection 
of the two planes. If a molecule has a two-fold axis (C2) and a plane of symmetry 
perpendicular to this axis, it necessarily has a center of symmetry also (see the mole- 
cule X2Y2Z2 in Fig. Id). The reason is that the rotation by 180 ® about say the 
z-axis (C2) changes x into ~x aiid y into —y, and the subsequent reflection changes z 
into — z so that as a result x, y, and z have been changed into —a;, —y, — z, which 
is the inversion. 

A j)ossible combination of symmetry operations that leaves at least one point un- 
changed is called a point group. It is characterized by the above mentioned property 
that the “product” of any two symmetry operations is equivalent to one that be- 
longs also to the same combination: that is, a point group is a group in the mathe- 
matical sense. Mathematical group theory shows that only a limited number of such 
point groups exist. Any molecule must belong to one of these point groups. In the 
following paragraphs we shall discuss briefly most of the possible point groups. The 
nomenclature used for the point groups in the theory of molecular structure is the 
same as that introduced by Schoenflies in the theory of crystal structure. 

The point groups Cp. If a molecule has only a p-fold axis of symmetry Cp and 
no other element of symmetry, apart from the identity, it is said to belong to the 
point group Cp (the same symbol, but in heavy type, being used as for the symmetry 
element, p-fold axis). Cx is a point group without symmetry- The only “sym- 
metry” element is the identity I. A molecule with four different atoms not lying 
in one plane would be an example of Ci. A probable example of a molecule of point 
group C2, that is, one with a two-fold axis only, is H2O2 (see p. 301 ), if one assumes 
the non-planar structure indicated in Fig. 2 a. Another example of C2 is H20=CCl2 
in a twisted configuration as in Fig. 2b (but not in the plane configuration, where it 
has higher symmetry; see below). Similarly, twisted H3C — CCI3 is an example of 
C3 (see Fig. 2 c). 

The point groups Sp. If a molecule has only a p-fold rotation-reflection axis it 
belongs to the point group Sp. Point groups Sp are defined only for even p, however, 
since for odd p tlie element Sp is equivalent to Cp plus a plane of symmetry per- 
pendicular to the axis (see above), for which combination another symbol is used. 

The symmetry element S2 is equivalent to i (see above) and therefore the point 
group S2 is sometimes also called Ci. The trans form of ClBrllC — CHBrCl is an 
example of S2 (see Ifig. 2d). The symmetry element >84 always implies a Cn. A 
molecule (XY)4 would be an example of the point group 1S4 if it had the non-planar 
form indicated in Fig. 2e. The element Sa always implies C3 as well as i. A puckered 
benzene ring with hydrogens in a partly rotated he.xagon as in Fig. 2f would be an 
example of point group S&. 

The point groups Cp,,. If a molecule has a p-fold axis Cp, and p planes of symmetry 
<T„ through the axis it belongs to the point group Cp„. In considering the symmetry 
of a molecule it is always assumed that an axis of symmetry (if only one is present) 
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is set up vertically. In the present case therefore the planes through the axis are 
“vertical” planes. That is why they are called cr^. It can easily be seen that a 
system with a p-fold axis cannot have just one “vertical” plane of symmetry if 
p > 1. The p planes are symmetrically arranged at angles 360 ®/p. The point 
group Cvo is usually written and has one plane of symmetry as the only element 
of symmetry (apart from I). An example is the non-linear molecule NO Cl. There 
are many molecules belonging to C20, that is, having a two-fold axis and two planes 
going through that axis and at right angles to each other; some examples are H2O 
(see Fig. la), H2CO, NO?, and CH2CI2 (see Fig. 2g). As mentioned above two planes 
of symmetry at right angles to each other necessarily imply that the line of inter- 
section is a two-fold axis. There are also many of the simpler polyatomic molecules 
belonging to point group Czv Molecules like NHg, CH3CI (see Fig. 2h), and others 
have a three-fold axis and three planes of symmetry through it at mutual angles 
of 120°. A plane molecule XY3 (see Fig. lb) would not, however, be an example of 
this group, since it has higher symmetry (see below). An example of C4,, would be 
PtCir if it were a square pyramid with the Pt nucleus at the apex. An example of 
the point group Cs^ would be the molecule XgYio if its structure were as shown in 
Fig. Ih except that the Y atoms were in a plane different from but parallel to the 
plane of the X atoms. Similarly, an example of the point group Cev is a benzene 
molecule (Fig. li) in which the planes of the H and 0 atoms are shifted parallel to 
each other. The point group Coou has an 00 -fold axis and an infinite^ number of 
planes through the axis. This is the case for a linear molecule such as HCN (see 
Fig. Ih) and also for all heteronuclear diatomic molecules. 

The point groups Dp {dihedral groups). If a molecule has a p-fold axis Cp and p 
two-fold axes C2 perpendicular to the Cp at equal angles to one another ^ it belongs 
to the point group Dp. Di is of course identical with C2. It is not considered as 
belonging to the groups Dp. D^ is frequently called V (from the German “Vierer- 
gruppe”). It has three two-fold axes mutually perpendicular to one another (and 
no other symmetry elements). An example would be C2H4 if the two CH2 groups 
were rotated with respect to each other by an angle which is not 90 ° (Fig. 2 i). In 
the point group Dz we have one three-fold axis and three two-fold axes perpendicular 
to it. An example would be C2Hfl in which the two CH3 groups were rotated against 
each other, as in Fig. 2 j, by an angle which is not 60 ° or 120 ° (otherwise the symmetry 
would be higher; see below). 

Examples of the point groups Di, Ps, nncl Pb would be the molecules eyclobutano (ChHs), cyelo- 
pontano (Cr.Hio), and cyclohexane (CoHia) if tho C nuclei were at the corners of a square, a roguhir 
plane pent.agon, and a rc^gular plane hexagon respectively, and if tho CH 2 planes wore to go through 
tho conl.er of tho i>olygonH and wore all to subtend tho same angle (different from 0° and 90°) with 
tho plane of the polygon. 

The point groups C„h. If a molecule has a p-fold axis {Cp) and a {horizontal) 
plane <Th perpendicular to it, it belongs to the point group Cph. Cx/,, is obviously 
identical witli C» (see above); that is, there is only one plane of symmetry. In the 
point group C»h we have a two-fold axis and a plane of symmetry perpendicular to it. 
Examples are plane trans C2H2CI2 (see Fig. Id) and plane trans C6H2Cl2Br2 (see 
Fig. 2 k). Tho two-fold axes arc here perpendicular to the plane of the molecule. 
The presence of C‘i and ah implies a center of symmetry (see p. 5 ), as is verified by 

® A mol(K 5 ulo that has one C^ perpendicular to a Cp necessarily has p — 1 other Ca’a. 
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the two examples given. An example of point group Csa is probably the guanidinium 
ion G''’(NH2)3 (Fig. 21). An example of point group C^h would be tetrachloro cyclo- 
butane (C4H4CI4), if all atoms were symmetrically arranged in one plane in squares. 
For C^hj Ce/i, • * ♦ as for C2A, there is a center of symmetry i. 

The point groups Dpd- If a molecule has a p-fold axis and p two-fold axes perpen- 
dicular to the Cp as in the point groups Dp and in addition p (vertical) planes of 
symmetry aa bisecting the angles between two successive two-fold axes and going 
through the p-fold axis, it belongs to the point group Dpd (d stands for diagonal). 
Dxd does not exist since there would be no angle to bisect. D^d is usually called Vd. 
This point group has three mutually perpendicular two-fold axes, as has the point 
group V = D2- In addition there are two planes of symmetry bisecting the angles 
between two of the C2^s. As a consequence the third C^ is at the same time a four- 
fold rotation-reflection axis {Sa) - An example is the allene molecule (H2C==C==CH2) , 
in which the planes of the two CH2 groups are at right angles to each other (Fig. 2 m). 
The perpendicular (but unstable) form of C2H4 is also an example. It is easily seen 
that these two molecules have all the symmetry elements mentioned. For the point 
group Dzd we have one three-fold axis (Cz), three two-fold axes perpendicular to it, 
and three bisecting planes going through Cz. As a consequence there is a six-fold 
rotation-reflection axis (/Se) coinciding with the Cz and also a center of symmetry (i ) . 
An example is the so-called staggered form of ethane, C2H6 (Fig. 2 n), in which the 
two CH3 groups are rotated with respect to each other by 60 ®. 

Examples of Did, Dm, — would be molecules X2Y8, X2Y10, *•*, if these consisted of two sym- 
metrical groups rotated by 45 *^, 36 *^, * - % respectively against each other. The sulfur molecule Sh is 
probably an actual case of a molecule of point group i>4d. On account of tlio presencjo of a 2 p-fold 
rotation-reflection axis some authors use the designation S2pv in place of Dpd^ 

The point groups Dph. If a molecule has a p-fold axis of symmetry (Cp) anti p 
(vertical) planes of symmetry (o-«) through it at angles 360 °/p to one another, as in the 
point group Cp„, and in addition has a (horizontal) plane of symmetry (cr/i) perpendicu- 
lar to Cp, it belongs to the point group Dp/i. As a consequence of the presence of 
these symmetry elements the molecule also has necessarily p two-fold axes (C2) : the 
lines of intersection of the <rw’s and a-h (see p. 5 ). For even p a center of symmetry 
(i) and a p-fold rotation-reflection axis also follow. Dia is identical with C2V and is 
therefore not considered as belonging to the groups Dp/,,. The point group D2/1 is 
usually called V/,. It has three mutually perpendicular two-fold axes, three mutually 
perpendicular planes of symmetry each going through two of the axes, and as a 
consequence a center of symmetry. Each of the Cz’s is also an ^82. An example is 
ordinary plane ethylene, C2H4 (see Fig. Ic). The molecule O4, if it forms (as is 
probable) a rectangle, also belongs to this point group. The point group Dsa has a 
three-fold axis, three C2^s at right angles to the former and three planes (erp) through 
it and each C2, as well as one plane (a/,) perpendicular to Cz, but no center of sym- 
metry. Examples are all plane and symmetrical molecules XY3 (see Fig. lb), such 
as BF3 (see p. 298 ). Other examples are the so-called opposed (eclipsed) form of 
C2H6 (Fig. 2 o), 1 , 3 , 5 -tri chlorobenzene, CeHsCls (Fig. 2 p), and similar molecules. 
The point group 1>4 a (with one C4, four C2, cr/, and four cr„) again has a center of sym- 
metry and as a consequence a four-fold rotation-reflection axis. Any plane sym- 
metric molecule XY4 would be an example (see Fig. Ig). An example of JD5/1 would 
be cyclopentane, if the C atoms were to form a regular pentagon and if the CIi2 



INTRODUCTION 


9 


planes were symmetrically arranged at right angles to the plane of the pentagon. The 
XsYio molecule in Fig. Ih is another example. The most important example of point 
group D^h is the benzene molecule, CeHe (see Fig. li). The reader should verify that 
it has all the symmetry elements given above. The point group Dw^i has an oo -fold 
axis (Coo), an infinite number of C2’s perpendicular to the Coo, an infinite number of 
planes through the Coo, and a plane of symmetry perpendicular to the Coo, which 
implies a center of symmetry (i). This is the case for symmetrical linear polyatomic 
molecules such as CO2 (see p. 272 ), C2H2 (see p. 288 ), and all homonuclear diatomic 
molecules. 

All the point groups discnssed so far have not more than one (if any) three-fold 
or higher-fold axis. They are also called axial point groups. The following point 
groups of higher symmetry have more than one three-fold or four-fold axis. They 
are also called cubic point groups since they form the basis of the cubic crystal system. 

The point group T {tetrahedral group). If a molecule has three mutually perpen- 
dicular two-fold axes (as has the point group D2— V), and in addition four three-fold 
axes it belongs to the point group T. The two-fold axes bisect the angles between 
the three-fold axes as in a regular tetrahedron. But the symmetry is less than that 
of a tetrahedron. An example would be a molecule like neopentane, C(CH3)4, if the 
four C atoms of the CH3 groups occupied the corners of a regular tetrahedron whose 
center is occupied by the fifth C atom, and if the equilateral triangles formed by the 
three H atoms of each CH3 groups were not in their most symmetrical positions 
(see Fig. 3 a)- 

The point group Ta. If a molecule in addition to three mutually perpendicular 
two-fold axes and four three-fold axes (point group T) has a plane of symmetry <Xd 
through each pair of three-fold axes (that is, two mutually perpendicular planes through 
each two-fold axis), in all, six planes of symmetry,^ it belongs to the point group Ta. 
The presence of these planes implies that the two-fold axes are at the same time four- 
fold rotation-reflection axes. Since the regular tetrahedron has this symmetry, all 
tetrahedral molecules are examples of this point group: CH4 (see Fig. 3 b), CCI4, P4, 
and others. The molecule neopentane C(CH3)4 is also an example if the CH3 groups 
in addition to being arranged on a regular tetrahedron have a symmetrical position 
(that is, if the angle 4 > in Fig. 3 a is 0 ° or 60 °). 

'rhe group Ta. If a molecule, in addition to the symmetry properties of point group T, 

has a center of a ymmetry it belongs to the point group Tu- As a consequence there are also three planes 
of symmetry through the three (mutually peri)Gndicular) two-fold axes. No actual molecule, even 
with appropriate distortions, has this point group. But if one could add four CH3 groups to the 
C(CH3)4 of Fig. 3 a in positions symmetrical to those already there, such that the central C atom 
becomes a center of symmetry, one would have an example of the point group Th. 

The point group O {octahedral group). If a molecule has three mutually perpendicu- 
lar four-fold axes and four three-fold axes which have the same orientation with respect 
to one another as the two-fold and three-fold axes of point group T, it belongs to tlie 
octahedral point group O. As a consequence of the axes given, the molecule has also 
six two-fold axes (apart from the three two-fold axes that coincide with the four-fold 
axes). The regular octahedron and the cube (see Fig. 3 d and e) have just these axes 
of symmetry. But they have in addition a number of planes of symmetry which a 
molecule of point group O does not have. An example would be a molecule X(yZ4)c 

'* The presence of one such plane of symmetry has as a necessary consequence the presence of 
the five others. 
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in which symmetrical YZ 4 groups were placed at the corners of a regular octahedron 
in such a way that the squares formed by the four Z atoms of each group were not 
in their most symmetrical position but were all rotated about the XY axis by the 
same amount (see Fig. 3c). 

The point group On. If a molecule has in addition to three mutually perpendicular 
four-fold axes C 4 and four three-fold axes Cz (point group O) a center of symmetry (i) 
it belongs to the point group O*. As a consequence it also has six two-fold axes (apart 
from the three two-fold axes that coincide with the four-fold axes) and nine planes 
of symmetry. Also, the four-fold axes are at the same time four-fold rotation- 
reflection axes. The regular octahedron and the cube have this symmetry, as the 
reader can easily verify from Figs 3d- and e. The molecule SFe is very probably an 
example of point group 0 /,„ the F atoms being arranged at the corners of a regular 
octahedron with the S atom in the center (see p. 336). The molecule Ss would be 
another e.xample if the atoms were at the corners of a cube, which, however, is 
probably not the case. 

Tlio only point groups that have scoaral higher than iour-folcl axes ai‘o the icosahedral groups / 
and /ft. The former has six five-fold, ton three-fold and fifteen two-fold axes while the latter in ad- 


TaBUK 1. SYMMETIIT KnUMENTS AND EXAMI'DICS OP THE MOREI IMPORTANT POINT OKOtXPS ® 


Point group 

Symmetry elements ^ 

Examples 

c, 

No symmetry 

CHFClBr, N2H4 

Cj 

Olio Cz 

Non-planar H2O2 (Fig. 2 a), [partly ro- 
tated Il2C=CCl2 (Fig. 2 b)], 
HG 1 C=C=CHC 1 

C;i 

One C'a 

[^Partly rotated HyG — CCly (Fig. 2c)] 


i 

Trans form of GlBrHC — GHBrCl 
(Fig. 2d) 


One aS'o, one Ch (coincident with »S’«), i 

[Puckered CoHo ring with partly rotated 
Ho (Fig. 2 f)] 

( 7 ^ („ — C 1 jt — 0 1 a) 

One <T 

Non 4 inear NOCl, piano NyH 

C-z. 

One Ci, two av 

H2O, H2CO, CH2CI2 (Fig. 2 g), plane 
HoG^GGIo 

C:,„ 

One Cz, three cr^ 

NBla, GH3GI (Fig. 2h), symmetric 
H,iC— GCI3 

C4V 

One C4, one <7*2 (coinckUmt with Cd, 
four (Tv 

Non-planar (l^tGh)” 


One <7(1, one Cy, one Cz (both coinevident 

[GoHfl with Co and Ho in different 

with < 7 (j), six iTv 

planes] 


One Ccr,, imy Cp, infinito number of ctv 

CN, HCN, COS, HC^CGl 

D^V 

Tlireo Cz (mutually perpendicular) 

[Partly rotated C2H4 (Fig. 2 i)] 

Dz 

One <"7*1, three Cz (± to Cz) 

[Partly rotated CoHo (Fig. 2j)] 

Czh 

One Cz, one ah, i^^Sz 

Plane trans G2H2CI2 (Fig. Id), trans 
CoH2Gl2Br2 (Fig. 2 k) 

Czh 

One Cz, ^>ae cta, one Ny (eoiiu’idcuit 
with Cz) 

C^-(NH2)3 (Fig. 21 ) 


^ For other point groups scki f,ho text. 

« The clement / (idenf.it.y), which is contained in every point groui>, has been omitted. Cp == p- 
fold axis, = 2>-fold rotation-reflection axis,'?: = center of symmetry, <r„ = vortical plane (see p. 7 ), 
<Th = horizontal plane, era == diagonal iilaiKs 

^ Examples that probably do not correspond to the actual structure of the ground state of the 
particular molecules arc init in square brackets. 
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Table 1 — Coniinued 


Point group 

Symmetry elements ® 

Examples ^ 

ill 

Three Ca (mutually X), one Si (coinci- 

H2C=C==CH2 (Fig. 2 m) [perpendicular 


dent with one Cz), two era (through Si) 

(non-planar) C2H4] 

Dzd(=S%v) 

One Cz, three Cz (± to Cz), So (coinci- 

Staggered form of CzKz (Fig. 2 n), 


dent with Cs), i, three era 

C6H12 (cyclohexane) 

oo 

CO 

III 

One Ci, four Cz (X to CO, Sz (coinci- 
dent with Ci) , Cz (coincident with Ci ) , 

1 four <rd 

Puckered octagon form of Sz (sulfur) 

D,k^Vh 

Three Cz (mutually X), three <r (mu- 

Plane C2H4 (Fig. Ic), plane O4, plane 


tually X), 4 

N2O4 (Fig. Ic) 

Dzh 

One Cz, three Cz (X to Cz), three (Tm, 

BCI3 (Fig. lb) eclipsed form of C2Ha 


one (Xh 

(Fig. 2 o), 1, 3 , 5 CeHjClj (Fig. 2 p) 
C4H8 (cyclobutane) [Plane (PtCb)*'] 


One Ci, four Cz (X to Ci), four <r,„ one 
(Th, one Cz, one »S4 (both coincident 
with Ci), i 

D&h 

One Cz, five C2 (X to Cg), five Cv, one <Th 

[Plane symmetrical cyclopentano] 

I>6h 

One Ce, six Cz (X to Ci), six <tv, one (th, 
one Cz, Cz, Se (each coincident with 
Ce), i 

Plane symmetrical CoHe, CoCU 


Cco, infinite number of C2 (X to Cw) and 
of cTtf , one (Th, and Cp and Sp (coincident 

O2, CO2, C2H2, C3O2 

• 

with Ccd), i 


T 

Three Cz (mutually X), four Cz 

[Partly rotated C(CH2)4 (Fig. 3 a)] 

Ta \ 

Three Cz (mutually X), four Cz, six cr, 

CH4 (Fig. 3 b), ecu, P4, symmetrical 


three Si (coincident with the Ca’s) 

C(CHii )4 

Oh, 

Three C4 (mutually X). four Cz, i, three 
Si and C2 (coincident with Ci), six C2, 
nine o-, four Sz (coincident with Cz) 

SF». (PtCl«)“ 


dition has a center of symmetry which causes numerous planes of symmetry and rotation-re llection 
axes. The regular icosahedron and the regular pentagon dodecahedron belong to point group //». It 
is not likely that molecules of such a symmetry will over be found. 

Although in principle molexulcs belonging to any one of the mathematically possible [)oint grouiis 
may occur, it may be noted that in cryistak only point groups with one-, two-, three-, four-, and six- 
fold symmetry axes are possible; hence crystals may have only 32 point groups, which give rise to 
the 32 crystal classes. 

In Table 1 the preceding discussion of point groups is summarized. Only tliose 
point groups are included that are likely to be of importance in the study of molecular 
structure. 



CHAPTER I 


ROTATION AND ROTATION SPECTRA 

Ah in the case of diatomic molecules, we may in a certain approximation resolve 
the total energy of a polyatomic molecule into the sum of rotational, vibrational, 
and electronic energy. However, for polyatomic molecules this approximation is 
frequently much less accurate than for diatomic molecules, since it often happens 
that vibrational frequencies are of the same order of magnitude as rotational fre- 
qiumcieH, and electronic frequencies of the same order as vibrational frequencies. 
ConKcquently the mutual interactions of the three types of motion may be much 
stronger than for diatomic molecules. 

In this chapter we shall consider the pure rotation of polyatomic molecules ne- 
glecting the interaction with the vibration and with the electronic motion. In other 
words, we consider the rotations of a non-vibrating molecule in a fixed (symmetrical) 
electronic slate. 

'Fhe moment of inertia of a rigid body about an axis is defined by 

1 = 

where pi is the perpendicular distance of the mass element from the axis. When 
we (hdierinine for a given body this moment of inertia about various axes going through 
one and the same point, usually the center of mass, we find according to a simple 
theoiHun of mechanics that there are three mutually perpendicular directions for 
whi(di the moment of inertia is a maximum or a minimum. These directions are 
called the principal axes and the corresponding moments of inertia the 'principal 
moments of inertia. If 1/V7 is plotted along the respective axes an ellipsoid is ob- 
tained which is called the momental ellipsoid. The axes of this ellipsoid are the princi- 
j)al axtis. If tlie l)ody (molecule) has symmetry the direction of one or more of the 
j)rinci]nd axes going through the center of mass can easily be found since axes of 
symmetry are always principal axes and since a plane of symmetry is always perpendicu- 
lar to a principal axis. 

If for a molecule the three principal moments of inertia are different, it is called 
(with respect to its rotations) an asymmetric top (or asymmetric rotator). If two of 
the j)rincipal moments of inertia are equal it is called a symmetric top (symmetric 
rotator). .In this case the momental ellipsoid is a rotational ellipsoid. If all three 
principal moiiKints of inertia are equal it is called a spherical top: the momental 
ellipsoid is a sidiere. In addition we have the special case of a symmetric top in 
which one of the |)rincipal moments of inertia is zero, or extremely small, while the 
othv.r two are (squal. The momental ellipsoid is a circular cylinder. Such is the 
casc^ for all linear polyatomic molecules. In the following we consider separately the 
four (uises mentioned. ■ 

1. Linear Molecules 

Linear molecules belong to the point groups D^h or C«,„, .depending on whether 
or not they have a plane of symmetry perpendicular to the internuclear axis. 

13 
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ROTATION AND ROTATION SPECTRA 


1,1 


Energy levels. If the angular momentum of the electrons about the internuclear 
axis is zero, as is the case for the ground states of all known linear polyatomic mole- 
cules, the problem can be treated as if the moment of inertia about the internuclear 
axis were exactly equal to zero, that is, as if we had the simple rotator, rigid or non- 
rigid. (See Molecular Spectra I, p. 122f.). The energy levels are given by the same 
formula as for diatomic molecules : 

^ = FiJ) = BJiJ + 1) - DJ2(/ + 1)2 + - • ■ (I, 1) 

lie 

where Er is the rotational energy (in ergs), F{J) is the rotational term value (in cm~^) 
and J is the rotational quantum number. For the rotational constant B we have^ 

h 27.994 X 10-4“ 

^ ^ SiPcIs ~ Ib 


As'for diatomic molecules Ib is the moment of inertia about an axis perpendicular to 
the internuclear axis and going through the center of mass. But while for diatomic 
molecules we have the simple formula Ib ~ where p is the reduced mass, for 
linear polyatomic molecules the general formula 


Ib = (I, 3 ) 

has to he used, where is the distance of the ith nucleus of mass nii from the center 
of mass. For a symmetrical molecule Y — X — Y, for example, Ib is 2niYrY“. 

Strictly speaking, in (I, 3) the summation should be over the electrons as well as 
the nuclei. In view of the smallness of the electron mass this can bo taken into 
account by using for the mi the masses of the neutral atoms rather than the bare 
nuclei. The error introduced in this way is much smaller than the present error in 
the spectroscopic determinations of moments of inertia. 

The term DJ^(J + 1)^ in (I, 1), as for diatomic molecules, comes in because of 
the non-rigidity of the molecule. This term is always exceedingly small comi)ared to 
the term BJ(J' + 1). ItvepvQS&nts %\ia influence of the centrif ugal force \\'\\\('\\ results 
in a very slight increase in the internuclear distances when the molecule is rotating. 
In diatomic molecules the constant D is related to B and the vibrational freciuency 
lo (assuming the harmonic oscillator approximation) by the simple formula 


D 




03 ^ 


(I, 4) 


This formula applies also to linear symmetric XY2 molecules when <a is the frequency 
of the one totally symmetric vibration (n in Fig. 25 p- 66). For XYZ a, ml XoYa 
molecules with two totally symmetric vibrations of frequencies m and w-z, the con- 
stant D is given by 



(I, 4a) 


where 81 and 82 are constants whose values for X2Y2 have been given by Shaffer 
and Nielsen (779), for XYZ by Nielsen (654a).2 In most cases of linear polyatomic 


^ For the values of the fundamental constants used in this hook see the appendix p. 
2 The numbers in brackets refer to the bibliography p. 539-55f>. 



LINEAR MOLECULES 


15 


I, 1 

molecules thus far studied experimentally the term DX^(J + 1)‘“ in (I, 1) has been 
neglected. CSee, however, Herzberg and Spinks (441) (442) 

Fig. 4 gives a diagram of the rotational energy levels of a linear polyatomic 
molecule. The spacing of the levels is the larger the smaller the moment of inertia. 

As for diatomic molecules the quantum number J cor- 
responds to the angular momentum of the molecule, which 
has the magnitude 

h h _ ^ 

W e sliall write / for the angular momentum vector. 

Symmetry properties. The rotational eigenfunctions i{/r 
of linear polyatomic molecules are (like those of diatomic 
molecules) the sinface harmonics represented in Fig. 39 of 
Molecular Spectra I (p. 74). The total eigenfunction in zero 
approximation is a product of the electronic, vibrational, 
and rotational eigenfunctions: 

xf, = (I, 6) 

As in the case of diatomic molecules a rotational level of a linear polyatomic mole- 
cule is called positive or neg alive depending on whether the total eigenfunction f/ remains 
unaltered or changes its sign hy reflection of all the particles (electrons and nuclei) at 
the origin (inversion). If the electronic and vibrational eigenfunctions \f^e and f/v 
are unchanged by all symmetiy operations of the molecule (which is the case for the 
vibrationless ground states of all known linear molecules), the symmetry character 
positive-negative depends on that of ypr only and, as for diatomic molecules, the even 
rotational levels are positive, the odd ones negative. This dependence is indicated 
in Ifig. 4. 

If the linear molecule has the point group Doohy that is, if it has a center of sym- 
metry (as has C 2 H 2 , for example) we have in addition to the symmetry property 
positive-negative, the property symmetric or antisymmetric with respect to an exchange 
of the identical nuclei. The total eigenfunction ^ of the system (apart from the 
nuclear spin function) remains unchanged or changes sign when all nuclei on one 
side of the center are simultaneously exchanged with the corresponding ones on the 
otlier side. We call the corresponding rotational levels symmetric or antisymmetric 
in the nuclei. It will be shown below that, just as for homonuclear diatomic mole- 
cuhis, either the positive rotational levels are symmetric and the negative anti- 
symmetric or the negative levels are symmetric and the positive antisymmetric. 
Tim former alternative applies to the vibrationless state of symmetric electronic 
states states). This is indicated in brackets in Fig. 4. 

If any polyatomic moloculo haa identical nuclei the total cip:cnfun.(!tion (exclusive of nuclear spin) 
of a (non-dcK(uiierate) rotational level must remain unchanged or can only change sign for an exchange 
of two idcuitical nuclei. In the ease of symmetrical linear molecules of point group D„h (such as 
CI 2 H;;), a simultaneous exchange of all nimlci on one side of the center with those on the other side 
can be brought about by reflection of all particles at the origin followed by a reflection at the origin 
of the electrons only. The first operation leaves the total eigenfunction unchanged or only changes 
its sign for the positive and negative i-otational levels respectively, while the second operation leaves 
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Fig. 4. Rotational en- 
ergy levels of a linear 
molecule* 
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the total eigenfunction unchanged (or changes its sign) if the electronic eigenfunction remains un- 
changed (or changes its sign). Thus in the -vibrationlesa ground state (assuming it to be a elec- 
tronic state) the even rotational levels are symmetric and the odd ones antisymmetric with respect 
to a simultaneous exchange of all nuclei on one side with those on the other. 

In a linear molecule that has two identical nuclei but does not belong to point group Dmh, such 

as X — — Y (for which N 2 O is an actual example, see p. 277) or unsymmetrical Y — X Y, an 

inversion at the center of mass does not exchange the identical nuclei and therefore one does not 
obtain the simple result that alternate rotational levels are symmetric and antisymmetric in the 
nuclei. Rather, each (rotational) level of such a molecule is doubly degenerate since there are two 

equivalent condgurations X— Y<i>~Y<» and X— Y®— Y<« or Y<i)— X Y® and Y<2)— X Y<i) 

respectively which are separated by a potential hill and which cannot be transformed into each other 
by a simple rotation of the whole molecule (see also Chapter II, section 5d). One of the eigen- 
functions belonging to this degenerate level is symmetric, the other antisymmetric in the nuclei. If, 
on account of passage through the potential barrier, a splitting of the degeneracy occurs, then wo 
obtain one symmetric and one antisymmeti-ic level for each originally degenerate level. 

Statistical weights and influence of nuclear spin and statistics. For a linear 
molecule of point group Coo-u (no center of symmetry, for example HCN) tlie sta- 
tistical weight of a rotational level in a totally symmetric electronic state (^S***) is 
given by the number of possible orientations of / in a magnetic field, that is by 2/ + 1. 

Strictly speaking 2/ -f 1 has to be multiplied by the total number of possible orientations of the 
nuclear spins h, I 2 , • • • in the magnetic field, that is by (2Ji H- 1 )( 2 Z 2 1) • • •• But since this factor 

is the same for all levels of a molecule of point group it can usually bo omitted. 

If the molecule belongs to point group Dooh, that is, if it has a center of symmetry, 
alternate rotational levels have different statistical weights, as in the case of liomoiiuclear 
diatomic molecules. If the spins of all the nuclei are zero, with the possible exception 
of the one at the center of symmetry, the antisymmetric rotational levels are missing 
entirely, that is, for electronic states the odd rotational levels are absent.''* Such 
is the case for CO 2 and C 3 O 2 since they are linear and symmetrical (point group Dma). 
If one or more pairs of nuclei outside the center have a nuclear spin 1 7 ^ 0 all rota- 
tional levels are present but the even and odd levels have different statistical weights. 
If only one pair of identical nuclei has 1^0 (which is the only case tlxus far studied 
experimentally), it is easily seen from the same reasons as for diatomic mol<icules 
(Molecular Spectra I, p. 141f.) that the ratio of the statistical weights of the symmetric 
and antisymmetric rotational levels is (/ -h l)/7 or 7/(1 ■+• 1), depending on whether 
the nuclei follow Bose or Fermi statistics. One may also say that the statistical weights 
vary in the same way as in a diatomic molecule containing the same two nuclei with 
7 5 *^ 0. Thus for ordinary acetylene (C 2 H 2 ), which is linear and symmetrical (see 
p. 288) since 7(C) == 0, 7(H) = the antisymmetric (odd) rotational levels have 
three times the statistical weight of the symmetric (even) levels, just as for Ha (see 
Molecular Spectra I, p. 141). For C 2 D 2 and similarly for C 2 N 2 the symmetric (even) 
rotational levels have twice the weight of the antisymmetric (odd) levels, just Jis 
for Da and Na. 

To the same extremely good appro.ximation as for diatomic molecules intcr- 
combinations between the symmetric and antisymmetric rotational levels arc pro- 
hibited for any type of radiation and even for collisions, that is ^ 

symmetric antisymmetric (1, 7) 

'■* This statement holds if we assume Bose statistics for the nu<!loi of spin No nti<d(>i of spin 

zero that follow Fermi statistics are known. 

Here and later ■<-*-> stands for "does not combine with,” while <—>• will be used for ‘ ’ com with.” 
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Chus we have ortho and para modifications also for linear symmetric polyatomic 
nolecules (point group 

Naturally, if in a linear molecule of point group jDooa one atom is replaced by an 
sotopic atom, the distinction between symmetric and antisymmetric rotational levels 
lo longer exists and therefore there is in this case no difference in the statistical 
veights of the even and odd rotational levels; there are no ortho and para modifica- 
}ions. For example, C — has no missing rotational levels, H — C^C — D 

las no alternation of the weights of successive rotational levels. 

Furthermore, in a molecule such as X — Y — Y (for example N 2 O; see p. 277), 
vhich has two identical nuclei but not the symmetry Dcoh, no difference in the sta- 
nstical weights of the even and odd levels occurs, except of course for the difference 
n 2J 4- 1. 

This conclusion follows immediately from what has been said above (p. 16) about such mole- 
jules. It should be noted that in this case the absolute statistical weight is not twice (2/ -+■ 1) 
X (2/x + 1)(2 Iy 4- 1)^ as might at first appear from the double degeneracy of the rotational levels 
(Jx = nuclear spin of atom X, Jy = nuclear spin of Y). In the case Jy = 0 only the symmetric 
component of each degenerate level appears and its absolute weight is (2J + l)(2Ix + !)• In the 
case Iy ^ 0 the resultant spin due to Jy is 2 Iy, or 2 Jy — 1, or 2 Jy — 2, • • • , of which the first, 
third, ♦ • • values belong to the symmetric (or antisymmetric), the second, fourth, • • • to the antisym- 
metric (or symmetric) levels (see Molecular Spectrti I, p. 146). This introduces the additional weight 
factors C2(2 /y) + + [2(2Jy — 2) + l3 + * * ’ and C2(2 Jy — 1) + 1] + C2(2Jy — 3) -|- l] + • * • 

respectively for the symmetric and antisymmetric levels (or the antisymmetric and symmetric ones). 
The sum of these additional weight factors for a pair of levels of given J is easily seen to be (2 Jy + 1)^* 
Thus the total statistical weight is (2J + l)(2Jx + 1)(2/y + l)^ which includes the case Jy = 0. 
It is the same as would be obtained without considering the identity of the two Y nuclei. The reader 
may specialize the above proof for N 2 O where Jx = 0. Jy — 1- 


In the case of symmetric linear molecules (point group Doo/O several pairs of 
identical nuclei with I 0 the statistical weight factors of the symmetric and anti- 
symmetric rotational levels can be obtained by an extension of the method used for 
diatomic molecules as was first done by Placzek and Teller (701). 

Assuming the mohiculo to bo brought into a magnetic field that is strong enough to uncouple all 
nuclear spins from one another it is clear that in a molecule ■W(XYZ — )2 of point group Da,h the 
number of spin configurations of the nuclei on one side of the center (W) is (2Jx + 1)(2Jy -+■ 1) 
X + !)• • • and therefore the total number of spin configurations is the square of this quantity 

(disregarding the contribution of the central atom W if such is present). Thei'o are (2Jx + 1) 
X (2Jy + 1)(2Jk + !)•• • configurations for which reflection at the center will leave the configura- 
tion unchanged. These correspond to sifin functions that are symmetric with respect to a simul- 
taneous exchange of all pairs of identical nuclei. All the other spin configurations occur in pairs 
(such as -1, +1,0, +1, +1, +1 and +1, +1, +1, 0, +|, -1) which correspond each to a sym- 
mcitric and an antisymmetric! spin function. Therefore there! are 

|[(2Jx + 1)*(2 /y + 1)=*(2//, - 1 - 1)2 _ (2Jx + 1)(2 /y + l)(2Jy; + 1) • • • ] (I, 8) 


antisymmetric spin fum^tions !ind 

•|[[(2Jx + 1)“(2/y + l)*'*(2Jz + 1)* •••+ (2Jx + 1)(2/y + l)(2Jji + 1) •■•3 (1,0) 

symmet ric spin functions. The total eigenfunction inclusive of nuclear spin <!an only bo symmetric 
with respe<!t to a siinulf aneous exchange of all pairs of identical nuclei for all rotational levels or only 
antisymmetric, and therefore the ratio of (I, 9) to (I, 8) gives the ratio of the statistical weights of 
the symmetric to the antisymmetric levels or conversely. Which case applies depends on whether 
the xvHultant'’ utatintiat of the group of nuclei XYZ • ■ • is Hose or Fermi. The “resultant” statistics 
is Bose statistics if there is an even number of nuclei following Fermi statistics in the group, it is 
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Fermi statistics if there is an odd number of nuclei following Fermi statistics/' The resultant sta- 
tistics has to be used since a reflection at the origin exchanges all pairs of identical nuclei sinmltaneoual^f. 

As a result, in the case of vibrationless 2^+ electronic states the even rotational levek 
have the weight factor (I, 9), the odd have the weight factor (I, 8) for a resultant Bose 
statistics while the converse is true for a resultant F ermi statistics. 

It is easily seen that this more elaborate rule gives the same results derived pre- 
viously in a more elementary way for CO 2 , C 2 H 2 , C 2 D 2 , C 2 N 2 . As an illustration of 
the above considerations and for future use, Table 2 gives the statistical weight 


Table 2. statistical weight factors of symmetric and antisymmethic (even and onp) 

ROTATIONAL LEVELS OF SOME LINEAR MOLECULES.® 


Molecule 

Resultant 

statisti<?s 

Statiatii^al weight fac‘tor8 

Symmetric, 
(even) levels 

An tisy rnmetric 
(odd) levels 

C“Oo“. C^O‘N 

Bose 

1 

0 ®“ 


Fermi 

1 

3 


Bose 

6 

3 


Bose 

10 

6 


Fermi 

15 

21 


Bose 

() 

3 

Ca^^Nai® 

Fermi 

1 



Bose 

1 

0 

CUCaisQa^®, C/^Oa” ! 

Fermi 

1 

3 ®** 


Fermi 

1 



Fermi 

28 

:iG 


Bose 

G 

3 

Ca^Ca^Ha^ 

Bose 

10 

6 

C/^Da* 

Bose 

- 78 

BG 

Ci2(NWHb2 

Fermi 

15 

21 

C12(N1'‘D2)3 

Bose 

45 

36 

Ci2(Ni®Hb2 

I^ose 

1 

B 


factors for a number of polyatomic molecules that are known to lie linear or are 
probably linear, as well as for some of their isotopes. These factors give at the 
same time the eguilibriurn ratios of the ortho and para modifications of tlu^si; moleculea 
(the ortho modification corresponding to the larger weight factor). It may be noted 
that on account of the different resultant statistics, for unlike ordinary 

the even levels would have the greater statistical weight (ortho modification). 

Thermal distribution of rotational levels. The population N j of the various 
rotational levels is given by the general formula 

Nj ~ (I, 10) 

® Tlus may easily bo verified if it is remembered that an exchange of two nuclei following Fermi 
statistics changes the sign of the total eigenfunction whereas an exchange of two nuclei following 
Bose statistics does not. 

“The following values for the nuclear spina have been assumed = = §,/(<:/“) ■='<), 

j(NW) - 1, I(C“) = 0. I(Hh = i, i(D) =1. r . 

If C“ instead of C“ is at the center the statistical weights have to l>e multiplied by 2 LsiSHummg 

z(c«) = n 
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where grjr is the statistical weight, k the Boltzmann constant and T the absolute 
temperature. For non-symmetrical linear molecules gj = 2J-\-l (see above), 
whereas for symmetrical linear molecules the alternation of the statistical weights 
lias to be taken into account. A graphical representation of the distribution func- 
tion (I, 10) which is the same as for diatomic molecules may be found in Molecular 
Spectra I, p. 132. 

Infrared rotation spectrum. The selection rules for transitions from one rota- 
tional level to another due to dipole radiation (without change of electronic or vibra- 
tional energy: pure rotation spectrum) are exactly the same as for diatomic inolecuLes : 
A transition can only take place if the molecule has a permanent dipole that 

is, if it has the symmetry Coo» and not Furthermore, we have the rule that 

positive levels combine only with negative ones, that is 

+ — , (I, 11) 

and the rule 

A/ = dh 1. (1,12) 

That molecules of symmetry Da,h which have no dipole moment do not exhibit a 
(dipole) rotation spectrum in the infrared may also be considered as due to the fact 
that the rules -1- <-> — and symmetric <+> antisymmetric cannot be fulfilled at the 
same time (see Fig. 4). 

The formula for the rotation spectrum is obtained by substituting J' = /" -j- 1 
s / -f 1 into 

r = F(J') - F(J"), (I, 13) 

taking F(J) from (I, 1). Here as usual is the J value of the upper state, = J 
that of the lower. One obtains as for diatomic molecules 

1/ = 2B(J + 1) - 4Z)(J -h 1)^ (I, 14) 

Since D « B, this formula represents a series of very nearly equidistant lines. The 
transitions are indicated in Fig. 4. 


TaULK 3. PREDICTED WAVE NUMBERS AND WAVE LENGTHS OP THE 
IN-PKARED ROTATION SPECTRUM OF HCN. 


J 

p (cm 

X iu) 

0 

2.96 

3381 

1 

5.92 

1690 

2 

8.87 

1127 

3 

11.83 

845 

20 

61.98 

161.3 

21 

64.92 

154.0 

22 

67.85 

147.4 

pim/f 9 

70.79 

141.3 


IJp to the present time no infrared rotation spectrum of a linear molecule has 
been observed, since all of them lie very far in the infrared. For HCN, for example. 


Last / value observed in the rotation-vibration spectrum. 



20 ROTATION AND ROTATION SPECTRA I, l 

which has the smallest moment of inertia of all known linear polyatomic molecules, 
one predicts l^with B — 1.4789, D — 3.63 -10“® cm~^ as obtained by Herzberg and 
Spinks (442) from the rotation- vibration spectrum] the wave numbers and wave 
lengths given in Table 3. 

Rotational Raman spectrum. As has been shown in Molecular Spectra I, p. 93, 
the occurrence of a Raman spectrum depends on whether the polarizability in a fixed 
direction changes during the motion. For a linear molecule the polarizability in the 
direction of the internuclear axis is always different from that in a direction per- 
pendicular to it (that is, the polarizability ellipsoid is not a sphere) and therefore 
the polarizability in a fixed direction changes during a rotation of the molecule about 
an axis perpendicular to the internuclear axis. Thus a linear polyatomic molecule 
of point group Cood or Dqoa always has a rotational Raman spectrum. 

Assuming a electronic ground state (which applies to all actual cases) the 
selection rules for Raman transitions are, juH as for diatomic molecules with A = 0 

AJ^ = 0, ±2 (1,15) 

and 

_j_^ — ^ ^ 

For molecules of symmetry Dooa the additional rule symmetric -en- antisymmetric here, 
other than in the case of the infrared spectrum, does not contradict the positive- 
negative rule (I, 16) so that these molecules, too, exhibit a rotational Raman spectrum. 

Substituting /' = /" -j- 2 = J -j- 2 and (I, 1) into 

lAi/| - F(J') - F{J"), 

we obtain for the wave-number shifts 

|AH = (4R - 6D)(J- + f) - 8D{J + f)^ (I, 17) 

or, since always D<K B, in very good approximation, 

lAH - 4R(/ + |). (1, 18) 

As for diatomic molecules, we have a series of equidistant lines (called S branch since 
A/ = + 2) on either side of the exciting line. From the separations of succ(\ssive 
lines (4R) the rotational constant B and thus the moment of inertia of tlie molecule 
may be evaluated. It should be noted that, according to (I, 18), the sei)aration of 
the first Raman line from the exciting line is f times the separation of successive 
Raman lines. 

For molecules of symmetry Z>ooa, corresponding to the alternation of statistical 
weights for the odd and even rotational levels (see p. 17f.), an alternation of intensities 
is to be expected. If in such a case the spins of all nuclei with the possible exception 
of that at the center are zero, alternate lines will be missing. (For a scliematic 
representation see Molecular Spectra I, Fig. 44, p. 95, and Fig. 60, p. 140). 

Up to the present time the rotational Raman spectra of only two linear poly- 
atomic molecules, CO2 and C2H2, have been resolved. The Raman shifts observed 
for CO2 by Houston and Lewis (458) (mean values of Stokes and anti-Stokes lines) 
are given in Table 4. Since the distance of the first line from the exciting line is not 
f but I of the separation of successive lines (see Molecular Spectra I, p. 140), the 
observed shifts can be represented by (I, 18) only if it is assumed that the lines with 
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odd J are missing.^ This is exactly what is to be expected if CO 2 is linear and sym- 
metrical (point group Conversely we may conclude from the observed rota- 

tional Raman spectrum that the CO 2 molecule is linear and symmetrical, a conclusion 
that is corroborated by a great deal of other evidence (see p. 272 and p. 384). The 
value of the rotational constant B in (I, 18) that best represents all the observed 
shifts (that is, essentially of the average separation of successive lines) is found to 
be R = 0.3987 cm~^. The values of the Raman shifts calculated with this B value 
are given in the last column of Table 4. It is seen that the agreement is within the 


TaBWiI 4. BOTATtONATj BAMAN SHIFTS FOB CO 2 AFTEK HOUSTON AND LEWIS (458). 


J 

Observed shift (in 
mean of Stokes and 
anti-Stokes lines 

Calculated shift, with 

B = 0.3937 cm-i 

0 


2.36 

2 


5.51 

4 

8.93 

8.66 

6 

11.63 

11.81 

8 

14.84 

14.96 

10 

18.14 

18.11 

12 

21.53 

21.26 

14 

24.60 1 

24.41 

16 

27.58 

27.56 

18 

30.70 

30.71 

20 

33.60 

33.86 

22 

37.03 

37.01 

24 

40.22 

40.16 

26 

43.39 

43.31 

28 

46.49 

46.46 

30 

49.67 

49.61 

32 

52.96 

52.76 

34 

55-54 

55.91 


error of measurement. From tlie rotational constant B, according to (I, 2 ), one 
obtains for the moment of inertia /(CO 2 ) = 71.1 X 10 “'^“ gm cm^." Since here 
1 = 2mQrco it follows that the C — O distance in CO 2 is rco = 1.157 X 10~® cm (see, 
however, p. 398 for a more accurate value). 

For C 2 H 2 Lewis and Houston (576) have found a similar rotational Raman spec- 
trum. However, here alternate lines are not missing but weak, and it is the even 
lines that are weak in agreement with expectation for a linear and symmetric C 2 H 2 
(see p. 16). Conversely it follows from the observed Raman spectrum that the 
C 2 H 2 molecule is symmetric and linear (see also Chapter IV). The B value obtained 
is 2^ = 1,176 cm~^, from which it follows that the moment of inertia /(C 2 H 2 ) = 23.80 
X 10“'*" gm cm-. The internuclear distances cannot be determined from this one 
figure (see, however. Chapter IV). 

The B and I values obtained from rotational Raman spectra are not as accurate 
as those obtained from infrared rotation-vibration spectra which will be discussed in 
Chapter IV. Also the values obtained do not refer to the equilibrium position but 
to the lowest vibrational state in which the zero point vibrations take place. 

“ This is the opposite to what is observed for O2 since for O2 the electronic ground state is . 
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2. Symmetric Top Moleciiles 

As mentioned above, if a molecule has an axis of symmetry this axis coincides 
with one principal axis of inertia. If a molecule has a three-fold axis (for example a 
molecule like CH3CI), the moments of inertia about any three directions at angles 
of 120° in a plane perpendicular to the axis of symmetry (for example aa, bb, cc in 
Fig. 5) are obviously equal. Since the cross section of the momental ellipsoid (see 
p. 13) with this plane is an ellipse, and since an ellipse has no three equal diameters 

t at angles of 120° except if it degenerates into 

? a circle, it follows that the momental ellipsoid 

! is a rotational ellipsoid, that is, that a mole- 

cule with a three-fold axis is a symmetric top. 
In a plane perpendicular to the symmetry axis 
/>. >. as in idg. 5 the moment of inertia about the 

axis dd (and in fact any other axis in the 
'v. ^ ^ plane) is exactly the same as that about the 

L_ axis aa. Similar conclusions apply to mole- 

^ cules with four-fold or higher axes but in 
general not to molecules with two-fold axes 

< j In addition to molecules with more than 

• two-fold axes which are symmetric tops be- 

I cause of their symmetry there may be inole- 

^ cules of lower symmetry, or even of no sym- 

Fia. 5. The CHsCl molecule as a sym- metry at all, for which two of the princij[)al 

metric top.— Tho molecule is projected on ^,„nents of inertia happen to have the same 
a plane perpendicular to the axis 01 sym- r-, , 11 e » 

metry and through tho centre of mass. value. Such molecules are of course also 

symmetric tops; but those that are symmetric 

tops on account of symmetry are more important. In either case we designate the 

two equal moments of inertia I n and the third moment of inertia I a- The axis of 

this third moment of inertia is usually called iX\Q figure axis of the symmetric toi) 

irrespective of whether it is an axis of symmetry or not. 


Fig. 5 . The CH3CI molecule as a sym- 
metric top. — Tho molecule is projected on 
a piano perpendicular to tho axis of sym- 
metry and through the centre of rnass. 


I V. 
i \ 



Fig. 6. Vector diagram for a symmetric top molecule. 


Classical motioa (vector diagram)* Wliik’j in the case of a linear iiioletuile in a 
2) electronic state the total angular momentum vector P (also called J in tlie (|uanturn 
theoretical treatment) is always perpendicular to the internuclear axis, in tlu; cji,s<i 
of a symmetric top P need no longer be perpendicular to the figure axis even if tlic 
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electronic angular momentum is equal to zero, but has in general a constant cornpone^it 
Pz in the direction of the figure axis. Fig. 6 gives the vector diagram for the angular 
momenta of a symmetric top. It is essentially the same as for the case of a diatomic 
molecule in which the rotation of the electrons about the internuelear axis is con- 
sidered. The only difference is that here Pa is produced by the motion of heavy 
nuclei and is called K, while in diatomic molecules it is produced by the motion of 
electrons and called A. The figure axis (that is Pa) rotates (nutates) about the 
direction of P which is constant in space. This nutation has the frequency |P|/27r7jj, 
which is the same as the frequency of rotation of a diatomic molecule of moment of 
inertia In and angular momentum P ^ J (see Molecular Spectra I, p. 70f.). At the 
same time the molecule rotates about the figure axis with a frequency 



not simply Pa/27rJj4. Qfor a proof of this see, for example, Teller (836)3. 

It must be emphasized that the superposition of the two motions, nutation of the 
figure axis (P®) about P and rotation of the molecule about P-, is of course not simply 
a rotation of the molecule about the a.xis of P. P is not fixed in the molecule. The 



7. Motion of the instantaneous axis of rotation and of the figure axis for a symmetric top. 


molecule rotates about an instantaneous axis wliose position in the molecule changes 
continuously in the following way: Imagine a cone fixed in space with P- as axis 
(Fig. 7) and the center of mass of the molecule as vertex, and with an angle 2(d — f/) 
where 6 is the angle between P and Pz and is determined by tan = {I a! I s) tan 6. 
Another cone with the, figure axis as axis and angle 2\f' may be fixed to the molecule. 
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If this cone rolls without slipping on the first one with uniform speed it will represent 
the motion of the molecule.® The line of contact is the instantaneous axis of rota- 
tion. This axis rotates about the axis of P as does the figure axis and with the 
same angular velocity. It is seen from Fig. 7 that both this instantaneous axis of 
rotation and the axis of P (which is fixed in space) continuously change their position 
with respect to the molecule. 


Energy levels. The same formula holds for the quantum theoretical energy levels 
of a symmetric top as in the case of a diatomic molecule (Molecular Spectra I, p. 125) 
except that the quantum number A has to be replaced by the quantum number K 
of the component of the angular monaentum about the figure axis.^® Thus we have, 
for the term values, 

F(J, K) = BJiJ -f 1) + (A - B)K^ (I, 20) 

where 

B = A=^r^- (1.21) 


Stt'^cI i 


Sir^cl A 


We assume here that there is no electronic angular momentum about the figure axis. 
Unlike the case of diatomic molecules, A is now of the same order of magnitude as B 
since both I a and Is are moments of inertia produced by heavy nuclei. Further- 
more, in a given electronic state, here, the second term in (I, 20) is not constant but 
can assume various values corresponding to different values of K. Plowever, since 
Pg = ^ is the component of P = J, the quantum number K cannot be greater than J, 
or in other words, 

/ = JC, i? -h 1, 4- 2, •••. (1,22) 

K, like A, is usually taken as the magnitude (in units hl2r) of the component of J. 
The value of the component itself, which may be positive or negative, is designated 
k [^see Mulliken (645)3- For a given J, 

ic = - 1, / - 2, - • • - J. (I, 25) 


According to (I, 20), states whose only difference is the sign of h have tlie same 
energy. They correspond to the two opposite directions of rotation about the figtire 
axis. Thus all states with K > 0 are doubly degenerate. The vector diagram for —k 
is indicated by broken lines in Fig. 6. 

In Fig. 8a the energy-level diagram of a symmetric top is represented for tlie case 
I A < I li, that is A > J5 {prolate symmetric top), in Fig. 8b for the case Ia > lit, 
that is A < J5 {oblate symmetric top). The former would apply to a molecule such 
as CH 3 CI, the latter to a molecule such as BCI 3 if it is plane and symmetrical. For 
every value of K there is a series of energy levels with varying J. For a given J 
the energy increases in the first, decreases in the second case with increasing K (see 
the sloping broken lines). 


Tho formula (I, 20) for the energy levels may easily be derived in a semiclasaical way [for a more 
rigorous derivation see Dennison (279) and references quoted there]. In classical metdiauics t.ho 
(kinetic) energy of rotation of a rigid body is 


E = JIxCOx® 4 


27* 21, 


+ 


21 , 


(I, 24) 


^ K Ia > hi the angle xj/ is greater than d and the moving cone embraces the fixed one. 

This K should not be confused with the K used in diatomic molecules as the quantum miml)er 
of the angular momentum apart from spin. 
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where x, and z are the directions of the principal axes, and where Ix, Pm are moment of inertia, 
angular velocity, and angular momentum respectively about the x axis and similarly for the othei' 
axes. In the present case, Pz = Ps^ + == 0 ) ~ == 1^: — 

Therefore 


^ JK? 


( 1 . 25 ) 


In quantum theory the magnitude of the total angular momentum is V/C/ + l)(/fc/27r), that of its 
component in a certain direction (here the figure axis) is K(hl27r). Therefore, on aubstitxiting ixi 
(I, 25), we obtain 

H 

2/^471^ \ 2/x4:'7r^ 21 j 

which goes over into (I, 20) on transforming to term values (wave-number units). 


The eigenfunctions of the symmetric top are given by Csee Dennison (279) an<l 
Mulliken (645)] 


= 0jr_B:Af(^) 


(I, 2(>) 


Here d-, <p, and x are the so-called Eulerian angles: assuming a coordinate system Xf^ 
yf, Zf fixed in space and a coordinate system x, y, z fixed in the molecule such that z 
is the figure axis, -d- is the angle between Zf and z, ip and x are the angles between the 
line of intersection of the x^yf and xy planes and the x axis and x/ axis respectively, 
that is, <p is essentially the angle of rotation about the figure axis and x is the angle 
of rotation about the fixed Zf axis. M is the magnetic quantum number correspond- 
ing to the various possible orientations of J in space (M = J, J — 1, • • • — J) aii<i 
QjKui'd-') is a somewhat complicated function of which for K == 0 goes over into 
the simple rotator eigenfunctions (see Molecular Spectra I, p. 74). 

In the above considerations we have assumed a rigid symmetric top. For si 
non-rigid symmetric top correction terms similar to those for linear molecules (rotn.- 
tional constant D) have to be added. According to Slawsky and Dennison (79»5) 
the energy levels of the non-rigid symmetric top are given by 


F(./, K) = -h 1) + (A - B)K^ 

- DjJ^J -h 1)2 - DjkJ{J + 1)A2 - DkK^ (1, 27) 


where the D are exceedingly small compared to A and B. The term DjkJ(J + 1)/C“ 
lias the effect that the different sets of energy levels with different K (Fig. 8) will no 
longer coincide exactly when shifted by an appropriate amount. Excejit in cases of 
extremely accurate measurements the influence of non-rigidity can be neglected. 

Symmetry properties and statistical weights. As in the case of dijitomic ami 
linear polyatomic molecules, the rotational levels of the symmetric top ai'c either 
‘^positive” or “negative” depending on whether the total eigenfunction remains uii-- 
clianged or changes sign for a reflection of all particles at the origin. However, in 
the present case this distinction is much less important as shown by the following 
considerations. In a non-planar molecule reflection of the nuclei at the origin (ceiit<‘r 
of mass) produces a configuration that cannot also be obtained by rotation of tlu‘ 
molecule. Therefore there are always two modifications, a left and a right form (as 
in the case of optical isomers), which can be transformed into each other only l>y 
passing tlirougli a (usually high) potential hill. Each form of the molecule has tin* 
same I’otational energy levels, since the moments of inertia of the two forms are, of 
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course, the same. Thus each one of the energy levels of the symmetric top, if the 
molecule is nomplaiiar, is really doubly degenerate. If the potential hill is not 
infinitely high a slight splitting occurs into two levels whose eigenfunctions contain 
equal contributions of both the left and the right configuration. One of these levels 
can be shown to be positive, the other negative. We call this doubling inversion 
douhling.” Because of the fact that wherever there is a positive level there is, almost 
coinciding (and usually not resolved) , also a negative level of the same quantum numbers, 
the distinction of positive and negative levels is not very important unless the 
splitting itself is considered (see Chapter II, section 5d and Chapter IV, section 2a) . 
In Fig. 8 the property + or — for the upper one of the two almost coinciding levels 
is indicated. The lower one has the opposite symmetry. It should be noted that 
this property has a different dependence on J and K for the prolate and oblate case. 
In the former it goes over into that of a diatomic molecule when K is replaced by A; 
but then only the one component set of levels shown occurs. It should also be noted 
that for K 9 ^ Q there are four sublevels (not drawn separately) for each J value on 
account of the K degeneracy and the inversion doubling. The two signs given refer 
to the upper inversion doubling component of each of the two sublevels produced 
by the K degeneracy. 

In the case of a plane symmetric top molecule (for example BCI3) the inversion 
doubling does not occur, since an inversion of the nuclei can be replaced by a suitable 
rotation. In this case, which always corresponds to an oblate symmetric top, only 
one set of energy levels appears with the symmetry properties indicated in Fig. 8b, 
and here tins symmetry property is of greater importance than in the non-planar case. 

As long as the symmetric top molecule has no symmetry, that is, if two of the prin- 
cipal moments of inertia are only accidentally equal, the nuclear spin increases the 
statistical weight by the factor (2Zi l)(2/2 + 1)(273 + 1)- • which is the same 
for all levels. Apart from this constant factor and apart from the inversion doubl-. 
ing, the statistical weight is 2/ + 1 for levels with A = 0, and 2{2J + 1) for levels 
with K >0. 

If the figure axis of the symmetric top is a p-fold axis of symmetry, a rotation by 
3G0®/p will exchange identical nuclei and tlierefore /arf Acr symmetry properties of the 
eigenfunctions arise analogous to the property symmetric or antisymmetric in the 
nuclei in the case of diatomic and linear polyatomic molecules. This causes differ- 
ences in the statistical weights of certain levels depending on the spin of the identical 
nuclei. A more detailed discussion of these relations will be given in Chapter IV. 
Here we only summarize the results for molecules with a three-fold axis, in so far as 
they are of importance for the discussion of rotation spectra. Also we shall neglect 
here the inversion doubling. 

For molecules with a three-fold axis (point groups C3, C^v, Da, Dzd, Ds?i), in a 
totally symmetric electronic and vibrational state (ground state) the levels with 
K = 0, 3, 6, 9 • • * have a larger statistical weight than those with K == 1, 2, 4, 5, 
7, 8 • • that is, we have an alternation of the type: strong, weak, weak, strong, weak, 
'weak, stro'ng, • * •. This is indicated in Fig. 9, where the '‘strong’' levels are desig- 
nated by A, the ' ' weak ” levels by E (the analogue of a and s for linear molecules). If 
the sx)in of the identical nuclei 1=0, the levels K = 1, 2, 4, 5, 7, 8 • * • are entirely 
missing. For molecules of point group Csv, if only three identical atoms are present 

This name is not used in the literature but appears descriptive and useful. 
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and if the nuclear spin I = (for example, NHs, CH3CI) the ratio of the statistical 
weights of the A and E levels is 2 : 1 ; if J = 1 (for example ND3, CD3CI) the ratio 
is 11 : 8. This alternation does not depend on the statistics of the nuclei. 

For the general case in which, the spin of the three identical nuclei is I, Dennison (279) has shown 
that the weight factors due to the spin are: 


For K divisible by 3 (including zero) : 

1(2/ + 1) (4/2 +, 4/ + 3) 

For K not divisible by 3 : 

1(2/ + l)(4/2 -f 41) 


(I, 28) 


For molecules of point groups D 3 , Dsd, and Dsft there is in addition a difference of 
the statistical weights of the levels with even and odd J for K — Q. This alternation 
does depend on the statistics of the nuclei. For Bose statistics of the identical nuclei, 



Fig. 9. — Alternation of statistical weights of the rotational levels for 
molecules with a three-fold axis. 


the even levels, called Ai levels (see Fig. 118, p. 408) have a larger statistical weight 
than the odd levels, called A^ levels, and the opposite holds for Fermi statistics. If 
there are only three identical nuclei (for example COs”, BCI3), and if / = 0 or I = 
alternate levels are entirely missing; if J = 1 the ratio of the statistical weights its 
10 : 1; if / = f the ratio is 5 : 1; for I = (as for Cl) it is 14 : 5. 

In the general case of a molecule of point group Dzh with three identical nu<5lei of spin /, t.hts 
weight factors due to the nuclear spin for the levels with K ^ 0 are exactly the same sis those giverx 
in (I, 28) for Czv For K = 0 the even rotational levels (Ai levels) have the weight faidor 

-K2/ + 1 )( 2 / - 1 - 3 )(/ + 1 ), 

the odd levels {A-i levels) 

- 1 ( 2 / + 1 )( 2 / - 1 )/, 

if the nuclei follow Bose statistics; the converse holds for Fermi statistics [see Placzok and Teller 
(701)3* For hC divisible by 3 there is for every J value an Ai and an A-z level whose weight factors 
are also given by the preceding expressions. It will be noticed that the sum of those does indeed givo 
the expression for K divisible by 3 in (I, 28). 
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As in, the case of diatomic and linear polyatomic molecules with identical nuclei, 
here also levels with different symmetry in the nuclei do not combine with one another; 
for example, for Czv we have E. As before, this rule holds very strictly even 
for collisions. Thus there are two modifications of a gas consisting of molecules of 
point groups C3, Cax), C^h, and three modifications {Ax, A 2 , and E) for molecules of 
point groups D3, L>zh, and Dsd- In no case, however, have they as yet been separated. 

The statistical weights for several more complicated cases of symmetric top 
molecules have been given by Placzek and Teller (701), Wilson (933) (938) and 
Schafer (768) (see also Chapter IV, section 2a). 

Thermal distribution of rotational levels. Since the statistical weight and the 
energy depend now on J and K, the population of the various levels in thermal 
equilibrium, 

N j,K gj, (I^ 29) 

cannot be represented as simply as for diatomic or linear polyatomic molecules. 
For every value of K we have a curve similar to that for diatomic molecules, but 
because of the increase in energy with increasing K the ordinates are reduced, corre- 
sponding to the factor g— addition the levels with J < K are 
missing. This situation is represented in the lower half of Fig. 10a for B — 2, 
A == 10 cm“^, T — 300° K., taking account of the factor 2 in the statistical weight 
for K 7 ^ 0 and assuming a very large spin of the nuclei or a molecule which is a 
symmetric top accidentally and not because of its geometrical symmetry. The 
curve in the upper half represents (on a different scale) the sum of all curves with 
different K, that is, it gives the number of molecules with a certain J independent 
of K. Its maximum is shifted relative to the maximum of the curve for K — 0. 
Figs. 10b and c give similar curves for two actual molecules (NH3, B = 9.96, A = 6.29 
cm~\ and CH3CI, B — 0.48, A ~ 5.10 cm~^) but taking account of the difference in 
statistical weights produced by the spins of the H nuclei (see Fig. 9). 

Infrared spectrum. As in the case of linear molecules, an infrared rotation spec- 
trum can appear (as dipole radiation) only if the molecule has a permanent dipole 
moment. If the figure axis of the symmetric top molecule is an axis of symmetry, 
which is the usual case, the permanent dipole moment of the molecule lies of necessity 
in this axis. In this case the selection rides for K.and J are found to be (see below): 

AK = 0, AJ = 0, ± 1. (1, 30) 

That no change of K occurs is, accoi'ding to the correspondence principle, due to the 
fact tliat in the present case tlie rotation a, bout the figure axis does not change any 
component of the <lii)olc moment in a fixed .direction. In addition, we have the 
symmetry selection rules 


— ^ 

—■j’— ^ 

— <-+> — 

(I, 31) 

and, for point group C 3 r, 




» A <-+-> E, 

A<-^A, 

E. 

(I, 32) 


Selection rules similar to (I, 32) hold for other point groups (see also Chapter IV). 




Fig 10 Thermal distribution of rotational levels for symmetric top molecules, (a) iot B - 2, A = 10 cm ^ T = 300° K without alterna- 
tion of statistical weights, (b) for NHs: B = 9.96, A = 6.29 cm-i, T = 300° K. (c) for CH3CI: B = 0.48, A = 5.10 cm 1 , T = 300° K.— The 
munbers written on the cun-es are the K values. The scale of the sum curves above is different from that of the mdmdual curves below. 



The rule (I, 31) can always be fulfilled for noii-planar molecules since a + and — 
level always occur together (inversion doubling; see above) 

Since, in the pure rotation spectrum, A/ = 0 means no transition and A/ = J' 
— J" = — 1 does not apply if, as is usual, J' refers to the upper and J" to the lower 
state, only AJ = + 1 is of importance; that is, only neighbor- 


ing levels with the same K may combine with one another. In 
Fig. 8 these transitions are indicated. By using (I, 20) (that 
is, neglecting centrifugal stretching) we obtain for the posi- 
tions of the lines in the rotation spectrum, with K' ~ K" and 
J' = /" + 1 = / + 1, 

r = F(J', K') - F(J", K") = 2B(J + 1). (I, 33) 

This is the same formula as for linear molecules, representing 
a simple series of equidista.nt lines. The quantum number K 
drops out entirely. The spectrum is the same as would be 
obtained for one value of K only; that is, the various sets of 
levels vertically above one another in Fig, 8 supply the same 
spectrum. Unlike the case of linear molecules, every line is 
now obtained in a number of different ways corresponding to 
the various values of K, the line numbered J" in J" -hi dif- 
ferent ways. Fig. 11a gives a schematic representation of 
the spectrum. The separation of successive lines is 2B. If 
tins is measured the moment of inertia In about an axis per- 
pendicular to the symmetry axis is immediately obtained 
from (I, 21). 

If centrif ugal stretching is taken into account, that is, if 
(I, 27) is Used instead of (I, 20), the formula for the spectrum 
l)ec(>mos, instead of (I, 33) : 

V = 2B{J 4- 1) - 2DKjmJ + 1) 

- ADj{J H- ly. (I, 34) 

According to this formula the rotation lines are no longer 
exactly equidistant and also the components with different K 
of each “line” (h'ig. Ha) no longer coincide exactly. This 
splitting is shown in Fig. lib. However, the splitting would 
1)0 expected to be exceedingly small and is greatly exagger- 
ated in the figure. If it is not resolved the center of the re- 
sultant “line” will show a shift given approximately by 
g{J -h 1)'^ where g is not simply ADj. In other words, the 
unresolved lines of a symmetric top follow the same formula 
as the rotation lines of linear molecules. 

The tlieoretical intensity distribution in the rotation 
si)ectrum is different from tliat for linear moleciiles since here 



every “line” consists of a number (./ -f- 1) of components 


In t.ho c!uso of pitmen molocnles this I'ulo loads immediately to tho result that no transitions with 
AK = 0 are possible. Since according to (I, 30) these would be the only ones possible if tho figure 
axis is a symmetry axis, it follows that no rotation spectrum for n plane symmetric toj) molecule 
o(H',urs, in agroomont with the fact that it cannot have any i)ermanent dipole moment. 
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which increases with increasing J. This intensity distribution is essentially givei>- 
by the upper curves in Tig. 10; the intensity ratio of lines of high J value to line^ 
of low J value is greater than for linear molecules (for which iiC = 0). For lo''^ 
J values the curves have a point of inflexion. There is no intensity alternatioi^ 
in the unresolved series of lines even if there are identical nuclei but the componen'fc^ 
of each line have the intensity alternation strong, weak, weak, strong, - • • in th® 
case of molecules with three-fold axes. 

If the permanent dipole moment does not lie in the direction of the figure ax:iB 
(which is only possible for accidentally symmetric tops), in addition to AK == 0 al@c> 
AK = d= 1 is possible, the former corresponding to the component of the dipol<^ 
moment parallel, the latter to that perpendicular to the figure axis. This gives rise, 
of course, to a rather more complicated spectrum. We shall not discuss it since nO 
such case has as yet been observed. 

In order to derive the selection rules for J and K one has to determine the matrix elements of 
electric dipole moment M referred to a fixed coordinate system Xf, y;, z/ (see Molecular Spectra I ^ 
P- 16) 

Ryf ^ (I, 

where the * indicate the conjugate complex eigenfunctions. The components of the dipole momeix't- 
with respect to a coordinate system fixed in space are related to those with respect to a coordinat^cs 
system x, y, z fixed in the molecule {z axis =: figure axis of the top) by 

Mxs = Mx cos ax + My cos oLy Mz cos orz, 

Myf = Mx cos + My cos + Mz cos 13 z (I, 30 > 

M zf ^ Mx cos yx + My cos yy + Mz cos yz 

where the cnx, jSx, yx are the angles of the moving x-axis with the three fixed axes and similarl^^ 

^Vf Tj/f Ta- 

in the case of non-vibrating symmetric top molecules with a permanent dipole moment, tHo 
components Mxf My^ Mz are constant and the eigenfunctions 4^ symmetric top eigenfuncti(>ixi:t 

\f/r of (I, 26). Therefore the matrix elements are 

Rxf — Mx ^ OOS ax4^r4'/''^dTr + My J*00Q ay\{//\p/^^dTr + Mz J* cos CCz4'ri'/''^dTr, (I, 3T > 

and similarly for Ryf and Rz/ with ^x, ^y, /3z, and yx, yyy yzy respectively. Rather involved calculatiox^et 
[[see Dennison (278) and Reiche and Rademaker (734)] show that the integrals S cos 
S cos ay^/4'r'^'^dTr and similarly those with ft,, yx, yy are different from zero only for AK ±z IL 
and AJ == 0, d= 1, while the integral cos (Xz\f//\f/r"'^dTr and similarly those with ^z and yz 
different from zero only for AK == 0 and AJ = 0 ,d= !• In all practically important cases Cdipol€ 3 » 
moment in figure axis) Mx — 0 and My = 0 and therefore the matrix elements (I, 37) are differexufc 
from zero (that is, a transition is possible), only when AK == 0 and AJ = 0, zh It 

The proof of the symmetry selection rules is similar to the corresponding one for diatomic molo— 
ciiles given in Molecular Spectra I (see also Chapter IV). 

For the transitions AJ = -j- AK = 0 the squares of the matrix elements of the transitioxx 
moment (Mx/)^ + (My/)^ + (Mz/)^ summed over all possibki orientations of J are found to 
proportional to 

(J +1)^ - K? 

(J + 1)(2J +1)* 

The intensity of the rotation lines in absorption is correspondingly given by 

KJ, K) = Cv 7V (I, 3a> 

where qjk is the statistical weight of the lower state. The factor C depends on the permanent dipol<^ 
moment of the molecule which may thus be determined if the absolute intensity of the absorption^ 
lines has been measured [[see Foley and Randall (324)], 
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Of the few observed cases of jar infrared absorption spectra, the molecules NH 3 
[Badger and Cartwright (74), Wright and Randall (956), and Barnes (115)], 
ND3 [Barnes (115)], and PH3 [Wright and Randall (956)] have indeed been found 
to exhibit each a simple series of very nearly equidistant “lines.” Fig, 12 shows parts 
of the spectra of NH3 and PH3 under fairly high dispersion. 



B’ig. 12 . Far infra-red absorption spectra of (a) NH 3 and (b) PH* [after Wright and Randall 
(956)]. — The absorbing path was 1 cm., the pressure for “line” 4 of (a) was 8 cm., for “line” 5 it 
was 6.5 and 10 cm. and for “line” 6 it was 7.3 cm., in (b) the gas pressure was 30 cm. throughout. 


In Table 5 the observed wave numbers are given for the case of PHs- In the 
case of NH3, Fig. 12 a shows that each line is double. This is due to reasons to be 
discussed in section 5 d of the next chapter. The observation of such simple spectra 
for NH3, NDs, and PH3 proves unambiguously that these three molecules are symmetric 
tops with the dipole moment in the figure axis, that is, that they have a three-fold 
a.xis.^=* The series of lines can be represented by the formulae 

NH3: I' = 19.890(J + 1) - 0.00178(./ + l)^ (I, 39)'^ 

ND3: I' = 10.26(/ + 1) - 0.00045(J -1- l)^ (I, 40) 

PH-,: j/ = 8.892(./ -h 1) - 0.000348(./ 4- l)\ (I, 41) 


Tahm) f). 


OHSKHVMI) ROTATION BIMdCTRUM OF Plla, 


AFTBU WRIOHT AND RANDAIiL (956). 


p (cm ^), 
ohserved 

V (cm 

eal ciliated from (I, 41) 

97.355 

97.35 

106.10 

106.10 

1 14.84 

114.83 

123.53 

123.53 


To he sure, a liiuvir configuration would also give such a simple i‘otation s{)octnim. liut if 
such a structui-c^ wtue not, already excluded for other reasons, a study of the Raman spe<d,rum and 
the rotation-vibration spectrum would exchnlo it. 

!■' 'Phis is l,he formtila given by Dennison (280). Wright and Randall (956) gave a very slightly 

different formula. 

Wright and Randall’s J is that of the upper state, while here, as throughout the book, J refers 

to the lower state. 
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Tlie last column of Table 5 gives the values calculated from the formula for PH 3 . 
The coefficient of the linear term, which is very nearly the average distance of suc- 
cessive lines, is 2 B- From the coefficients given in (I, 39-41) it follows according to 
(I, 21) that the moments of inertia about axes perpendicular to the symmetry axis are 
/^(NHs) =2.815X10-^”, Jb(ND 3 )= 5.457 XlO-« /^(PHs) = 6.296 X10-<‘o gm cm^. 

Recently Foley and Randall (324) have been able to resolve some of the rotation 
“lines” of NH 3 with high J into the component lines with different K (see Fig. lib). 

If a molecule has a more than two-fold axis and a plane of symmetry perpendicular 
to it (point groups Cph, Dph) or if it has two-fold axes perpendicular to the p-fold 
axis (point groups Dp and Dpd), it can obviously not have a permanent dipole mo- 
ment, that is, such molecules will not exhibit any pure rotation spectrum in the 
infrared. Conversely, therefore, we can conclude from the observation of a rotation 
spectrum of NH 3 , NDg, and PHs that these molecules are not plane but have a 
pyramidal structure. 

Rotational Raman spectrum. If a molecule is accidentally a symmetric top, the 
axes of the polarizability ellipsoid of the molecule (see Chapter III, lb and Molecular 
Spectra I, p. 89) do in general not coincide with the principal axes of inertia; that is, 
the dipole moment induced by an external field varies during the rotation of the 
molecule about the figure axis as well as during the nutation about J. Therefore, 
in a light-scattering process (Raman effect) both J and K may change. The selection 
rules derived by Placzek and Teller (701) are 

AJ = 0, ± 1 , =fc 2 ; AK = 0, ± 1 , ± 2 (I, 42) 

and 

^ "t", — — , 4" (I, 43) 

The resulting rotational Raman spectrum is rather complicated and will not be 
discussed here. No actual ca.se of this type is known. 

As for the momental ellipsoid (see p. 13), so also for the polariza,bility ellipsoid 
the rule holds that an axis of symmetry coincides with one of its axes. Therefore, 
if the fact that a molecule is a symmetric top is due to its symmetry, one axis of 
the polarizability ellipsoid coincides with the figure axis, the other two axes being- 
equivalent so that the polarizability ellipsoid is a rotational ellipsoid as i.s the mo- 
mental ellipsoid. In this case, therefoi’e, a rotation about the figure axis, classically, 
is not connected with a change of the induced dipole moment and therefore, (piantum- 
theoretically, a change of K cannot be produced by light scattering. Then we 
have, instead of (I, 42), the selection rule 

AJ = 0, ± 1 , ± 2 , A/v = 0, (I, 44) 

with the restriction that A, I = ± 1 does not occur for K ~ 0 . Of course, (I, 43 ) 
remains unchanged. In the pure rotation spectrum AJ = 0 of course corresponds 
to the undisplaced line and AJ J' — J" = — 1, — 2 does not apply (see p. 31). 
Thus for every value of K we have two series of equidistant lines: AJ = -f 1 {R 
branch) and AJ = -{- 2 {S branch) on either side of the undisplaced line, with the 
exception of jK = 0 for which the R branch cannot occur.^® However, since for the 
rigid symmetric top the rotational levels for various values of K have exactly the 

** This corresponds to the results for diatomic molecules with A 7 ^ 0 and A = 0; sec Molecuhir 
Spectra I, p. 127). 
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same spacing (see Fig. 8), corresponding lines of the branches for different values of 
K coincide. Thus only two branches, S and R, are to be expected on either side of 
the undisplaced line. From (I, 20) we obtain for the displacements: 

S branches — 

lAj^l = F{J + 2, K) - F{J, K) = 4:BJ + QB, J = 0, 1, - - (I, 45) 

R branches — 

I AH = FiJ H- 1, K) - FiJ, K) = 2BJ + 2J?, J = 1, 2; • - • . (I, 46) 

In Fig. 13 the bi’anches are represented schematically- In this figure the Stokes 
R and S branches have been labeled ^‘R and ^S branches, since they extend to longer 
wave lengths and thus have the form of F and O branches respectively (see Molecular 
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Fui. 13. Rotational Raman spectrum of a rigid symmetric top (schematic). — The bottom 
strip gives tlu^ Jiuniaa 8i)ectrum» the two top strips the identifications of the lines. 


Spectra I, p. 273) ; the anti-Stokes R and S branches have been labeled and 
brandies, since they have the form of R and S branches.^’’ It is seen from Fig. 13 
as well as by comx)aring equations (I, 45) and (I, 46) that the lines of the R branches 
with even J coincide with the lines of the S branches. Consequently, there will be 
an apparent intensitij alternation which, of course, has nothing to do with the nuclear 
spin and winch is not by any means constant, since the lines of the S branches extend 
to larger |Av[ values than do those of the R branohes (see below). 

The only exsimple of a rotational Raman spectrum of a symmetric top molecule 
thus far investigated in detail is that of Nllg [Dickinson, Dillon and Rasetti (287), 
Amaldi and Placzek (42), and Lewis and Houston (576)]. Fig. 14a is a photometer 
curve of the IL'inuui spectrum obtained by Lewis and Houston. It shows clearly the 
strong S liranchcs as well as the weaker R branches (as far as they are not overlapped 
by the S branches). Table 6 gives the wave numbers of the observed Raman 
displacements. 

If the fc'iii rifiiKal HtroidiinK is taken into account, that in, if (I, 27) is used instead of (I, 20), 
tfieii instead of (I, 45~4G) one obtains for the Ilaman spectrum: 

S branches — 

|Aj/1 = {4B — +1) — 4:DjjiK}(,J + 3) + i)^ (1,47) 

R l)ranche8 — 

1A»/1 = 2BiJ + 1) - 2DjkK^(J -I- 1) - 4Dj(J + 1)3 (I, 48) 

” The Stokes branches are called P and O branches by many authors. However, this does not 
appear to be consistent with the international nomenclature as adopted for diatomic molecular 
spectra (sec Molecular Bpcctra I, p. 96). 
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The terms with DjkJ^ produce a very slight splitting of each “line” into component lines with 
different K. However, such a splitting has not as yet been resolved. Averaging of the terms with 
Djk and with D j produces a slight systematic change of the separations of successive lines and also 
causes the even R lines no longer to coincide exactly with the S lines. While this also does not lead 
to an observable splitting, it makes itself felt by the fact that the odd R lines aie not exactly half way 
between adjacent S lines. This can be seen from Table 6, which also shows clearly the systematic 


R bnuiches . 
S brandies ; 



Anti-Stokes 


Stokes 


(a) 



exciting 

Anti-Stokea line Stokes 

(b) 

Fig. 14. Rotational Raman spectrum of gaseous NHs Rafter Lewis and Houston (57())3- (ft) 
Photometer curve; (b) Intensity distribution. — The Raman spectrum was excited by the mercury 
lino 2637A which itself is reduced in intensity on the spectrogram becau.se of al)sori)tion by Hg 
vapor. The circles in (b) represent the observed intensities, the curves represent the (udculated 
values. 


change of the separations. Taking account of the correction terms, Lewis and Houston (576) ob- 
tained from the observed Raman shifts of Table 6 the value B = 9.92 cm-^ which agrees very satis- 
factorily with the value B = 9.945 cm~^ obtained from the infrared rotation spectrum (see p. .33). 
This quantitative agreement as well as the qualitative structure of the spectrum (in particular that 
only lines with AJC = 0 occur) shows definitely that NHs is a symmetric top whose fignire axis coincides 
with an axis of symmetry (three-fold axis). 
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Placzek and Teller (701) have calculated in detail the intensity distribution in the rotational 
Raman spectrum of a symmetric top molecule on the basis of wave mechanics. According to these 
calculations, the intensity of the lines of the 3 branches is given by 


IsiJ, K) = Cv^ 


[(T + + 2)2 - .JP] 


iJ + 1)(J^ + 2 )( 2 / 4- 1 )( 2 J' + 3) 
the intensity of the lines of the R branches is given by 

2K?UJ + 1)2 _ E?-] 


1r(J, K) = Cv^ 


J(J + 1)(J + 2) (2/ + 1) 


me 


QiC 


•EitkT. 


(I. 49) 


(I, 50) 


In these equations (7 is a constant which depends on the difference in polarizability in the direction 
parallel and perpendicular to the figure axis, v is the frequency of the particular Raman line, J and K 
are the quantum numbers of the lower state, and Ei are the statistical weight and the energy re- 


TaBLE 6. OBSERVED ROTATIONAI. RAMAN SHIFTS OP GASEOUS NH 3 (AVERAGE OP STOKES 
AND ANTI-STOKES LINES) AFTER LEWIS AND HOUSTON (576). 
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spectivcly of the initial state. Since all lines with different K coincide in the observed Raman spec- 
trum, for a comparison with experiment one has to sum over all vahu‘s of K for a given ./. In doing 
so one has to take account of the differonco in statistical weiglit introduced by nuclear spin (see 
p. 27f.) . Lewis and Houston (576) have carried out such a comparison, hlg. 14b gives the theoretical 
curves and the exiierixnontal points. In order to evaluate the theoretical intensity distribution, an 
assumption had to bo made about the moment of inertia I a which can be obtained from other data 
(see p. 437). However, the intensity distribution is not very sensitive to its exact value. It is seen 
from Fig. 14b that the intensity distribution reflects in a general way the thermal distribution of the 
rotational levels (see top curve in the previous Fig. 10b). It should be noted that the R branches 
fade out at a much smaller distance from the exciting line than the 3 branches, although of course 
at about the same J values. 


3. Spherical Top Molecules 

If a molecule has two or more three-fold or higher-fold axes there are two or 
more different planes each of which intersects the momental ellipsoid in a circle 
(see p. 22). Obviously this can only be true if the momental ellipsoid is degenerated 
into a sphere. Therefore the moments of inertia about all axes going through the center 

1** The values in brackets refer to R linos that coincide with S linos. 

19 Overlapped by mercury line. 
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of mass are exactly equal. The molecule is a spherical top. This is the case for all 
molecules belonging to the cubic point groups, for example CH4, CCU, if they have 
tetrahedral structure (point group Td), or SFe, if it has octahedral structure (point 
group Oh). Of course a molecule may accidentally have all three principal moments 
of inertia equal, that is, be a spherical top, even when it has lower than cubic sym- 
metry, For example, the NH3 molecule would be a spherical top, although it 
has only one three-fold axis (C3,,), if the angle between the Nil bond and the axis 
were 52 ®3'. 


Classical motion. For a spherical top, unlike a symmetric top, tlie instantaneous 
axis of rotation coincides always with the total angular momentum Or, in other 

words, we have a simple rotation of the molecule about an axis fixed in space which 
may have any orientation with respect to the molecule. Any axis fixed in the 
molecule may be considered as figure axis and describes a simple rotation about P. 
The component of P along any axis fixed in the molecule is a constant. The fre- 
quency of rotation about such a figure axis” is zero according to (I, 19). The 
cone fixed in space mentioned in discussing the motion of the symmetric top (Fig. 7) 
shrinks into a line. 

Energy levels. The energy levels of the spherical top are obtaine<i from those of 
the symmetrical top [[equation (I, 20) [] by putting I a — In, that is, A = B. We 
obtain 

F(J) = BJ{J + 1 ). (I, 51 ) 

The energy depends on J only and in exactly the same way as for tlie sim])l(i rotator 
(linear molecule with A — 0; see Fig. 4), All values of J from 0 up are po.ssible. 

The above holds for a rigid spherical top. For a non-rigid splu;ri(;n.l to)), in the 
vibrational ground state, we have to add to (I, 51) a small term — /),/"(./ + I)*-^ 
similar to that for linear molecules (see also Chapter IV, section 3a) . 

Statistical weights and symmetry properties. Since the splierical toj) may be 
considered as a symmetrical top with A — By that is, one in whicli all levcds with the 
same J but different K (see Fig. 8) coincide, it is clear that, in view of the {)ossil.)le 
values of K and the double degeneracy for K ^ 0 (see above), for the s))h erica,! top 
every level of a given J has a (2J + l)-fold degeneracy in addition to tlie ordinary 
(2J l)-fold space degeneracy. The first degeneracy corresixiruls to the fact that 
J may have 2/ -f- 1 orientations with respect to a fixed direction in the molecule; 
the second degeneracy corresponds to the fact that J may hji,ve 2/ + I orientations 
with respect to a direction fixed in space. Thus the statistical icaighl of a. level with 
a given J is (2J -}- 1)^, which is quite different from the case of linear molecules. 

The factor (2J -H 1)^ gives, apart from a constant factor corresixmding to the 
nuclear spin (see p. 27), the complete statistical weight only for a molecule tluit is 
accidentally a spherical top or one in which the spins of the identical nuidei are very 
large. If the molecule is a spherical top by virtue of its symmetry, and if the spins 
of the identical nuclei are small, the additional factor by which the spac.e degeneracy 
2J + 1 has to be multiplied in order to obtain the total statisticjd weight is not 
simply 2J + 1 times the nuclear spin factor. As will be shown in more detail in 

““ This is because Px — IxOixt Py — lyojy, Ps = (see p. 24), and boro T* = ly ^ 1 2 . Therts- 
for© the vectors P and 6> have th© same direction. 
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Chapter IV, there are, in the case of tetrahedral molecules (point group Td) such as 
CH 4 , CD 4 , CCI 4 , P 4 , three types {species) of rotational levels called A, E, and F which 
are analogous to the a and s levels of linear symmetric molecules and the A and E 
levels of molecules with a three-fold axis. It turns out that except for the lowest 
rotational levels all three species occur for a given The number of component 

levels of each type varies in a rather complicated way which can be calculated from 
group theory, as has been done by Wilson (933) and Maue (605) (see Chapter IV 
section 3a). Table 7 gives for the first fifteen rotational levels the statistical weights 
for the cases in which there is only one set of four identical nuclei (as in CH 4 , - - •) 
and the spin of these nuclei is I = 0 or / = § or 7 = 1 or / = f . In the case of 


TaBLM 7. STATISTICAL WEIGHTS OP THE ROTATIONAL LEVELS OP TETRAHED R AL MOLECHLES WITH 

ONE SET OP POUR IDENTICAL ATOMS OF SPIN I. 

The statistical weights are given as products whose second factor is (2./ -f 1). 


J 

/ - u 

A 

Total 


I = 

_ 1 


1=1 

Total 

/ = -1 
Total 

A 

Nuclear 

quintet 

E 

Nuclear 

singlet 

F 

Nuclear 

triplet 

Total 

0 

1 X 1 

5 X 1 

0 x 1 

0 x 1 

5X1 

15 X 1 

36 X 1 

1 

0 X 3 

0X3 

0 X 3 

3X3 

3 X 3 

IS X 3 

60 X 3 

2 

0X5 

0X5 

2X5 

3X6 

6X5 

30 X 5 

100 X 5 

3 

1X7 

6X7 

0X7 

6X7 

11 X 7 

51 X 7 

156 X 7 

4 

1 X 9 

5 X 9 

2X9 

6X9 

13 X 9 

63 X 9 

196 X 9 

5 

0 x*u 

0 X 11 

2 X 11 

9 X 11 

11 X 11 

66 X 11 

220 X 11 

6 

2 X 13 

10 X 13 

2 X 13 

9 X 13 

21 X 13 

96 X 13 

292 X 13 

7 

1 X 15 

5 X 15 

2 X 15 

12 X 15 

19 X 15 

99 X 15 

316 X 15 

8 

1 X 17 

5 X 17 

4 X 17 

12 X 17 

21 X 17 

111 X 17 

356 X 17 

9 

2 X 19 

10 X 19 

2 X 19 

15 X 19 

27 X 19 

132 X 19 

412 X 19 

10 

2 X 21 

10 X 21 

4 X 21 

15 X 21 

29 X 21 

144 X 21 

452 X 21 

11 

1 X 23 

5 X 23 

4 X 23 

18 X 23 

27 X 23 

147 X 23 

476 X 23 

12 

3 X 25 

15 X 25 

4 X 25 

18 X 25 

37 X 25 

177 X 25 

548 X 25 

13 

2 X 27 

10 X 27 

4 X 27 

21 X 27 

35 X 27 

ISO X 27 

572 X 27 

14 

2 X 29 

10 X 29 

G X 29 

21 X 29 

37 X 29 

192 X 29 

612 X 29 

15 

3 X 31 

15 X 31 

4 X 31 

24 X 31 

43 X 31 

213 X 31 

668 X 31 


1 = 0 only one species (A) of tlie rotational levels actually occurs (analogous to the 
case of linear molecules). For I = 2 tlie three species of rotational levels may be 
described as nuclear quintet, singlet, and triplet respectively; that is, one species corre- 
sponds to a resultant nuclear spin T = 2 (all spins parallel), the second to T == 0 
and the third to T == 1 , In Table 7 the statistical weights in this case are given 
separately for the three specucs. It should be noted that only the levels ./ = 6 and 
J = 1 luive but one species of component levels. It can be seen from Table 7 that 
for large J the total statistical weights become approximately proportional to 
(2,7 1 )^, 

Just as for linear and symmetric top molecules with identical nuclei, here levels 
with different symmetry in the nuclei do not combine with one another to any sig- 

This is analogous to the fact that for linear molecules with A 7 ^ 0 (11, A • « * states) a symmetric 

and an antiByrnmctric level occur for every J, 
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nificant extent; that is, 

A<n^E, A<r^F, E<r^F. (1,52) 

Therefore there are three modifications of tetrahedral molecules with I > 0 analogous 
to ortho and para modifications of diatomic molecules. They are referred to as the 
A, E, and F modifications, or in the case I = | as the nuclear quintet, singlet, and triplet 
modifications P The abundance ratios of these three modifications for high rotational 
levels approach the values 5:2:9 for I = |, 15 : 12 : 54 for 1 = 1, and 36 : 40 : 180 
for I = f . These are independent of the statistics of the nuclei as are also all the 
individual weights in Table 7. 

Thermal distribution of rotational levels. Only for a molecule that is accidentally 
a spherical top is the population of the rotational levels in thermal equilibrium given 
by a smooth curve as a function of J : 

Nj ~ (2/ H- (I^ 53 ) 

Such a curve is given in Fig. 15a for B = 5.25 cm~^ and T = 300° K. It should be 
noted that unlike the case of diatomic and linear polyatomic molecules the distribu- 



Fig, 15. Thermal distributioa of rotational levels for spherical top molecules (a) accidentally 
spherical top: B = 5.25 cm.”^, T = 300*^ K; (b) CH 4 : B — 5.25 cm.“\ T = 300® K; (c) CDi*. B — 2.65 
cm."^, T = 300° K. — In (b) and (c) the light curves give the contribiitions of the thi-ee modifH^ations 
A, E and F of CH4 and CD4 separately, the heavy curve gives their autn. The ordinate aeulo is tho 
same in (a), (b) and (c), tho total number of molecules being assumed to be the wnnie. 

tion function does not rise linearly for small J but quadratically, similar to the distri- 
bution function for symmetric top molecules (see upper curves in Fig. 10). 

If the molecule is a spherical top on account of its symmetry the statistica.1 weights 
in Table 7 or similar ones in other cases have to be used in order to obtain the thermal 
distribution. This does not result in a smooth variation. In Fig. 15b the heavy 
solid “curve” gives the population of the rotational levels for CH 4 (I — 2)1 assuming 
B = 5.25 cm~^, T = 300°. The light curves give the contril)utions of the three 

^ Maue (605) has introduced the names meta-, para-, and ortho-modifications which, however, 
leads to confusion for I = f . 
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modifications. Fig. 15c gives the corresponding curves for CD4 (1 = 1 , jB = 2.65 
cin~^) . For large J values, and therefore always for sufficiently high temperatures, 
the distribution is very well approximated by (I, 53) (Fig. 15a). Most spherical 
top molecules other than CH4, CD4, SiH4, SiD4 and so on, have very small B values, 
and therefore, at all temperatures at which they are in the gaseous state, essentially 
only high J values matter, that is, (I, 53) can be used. 

If the temperature of CH4 gas is lowered sufficiently, at first all molecules of modification. A go 
into the lowest A state, which is = 0 ; all molecules of modification F go into the lowest F state, 
which is J =1; and all molecules of the modification F go into the lowest F state, which is =2. 
Because of the extremely small transition probability between, the three, types of states [[rule (I, 52 ) 3 , 
thermal equilibrium, in which practically all molecules are in the state / = 0, is established only 
after a very long time. Once it has been established all molecules belong to the A modification. If 
now the temperature were raised again, at fii-st the molecules would go only to the higher A states 
and one would thus have obtained the A modification separately (similar to the production of para- 
hydrogen). In the A modification (see Table 7 ) the rotational levels J — X, 2 , and 5 do not occur. 
Up to the present time not even a partial separation of the CH4 modifications has been obtained 
experimentally. 

Infrared spectrum. As always, a pure rotation spectrum can occur only if the 
molecule has a permanent dipole moment. If a molecule has an axis of symmetry 
the permanent dipole moment must necessarily lie in this axis. Therefore, if a 
molecule has two or more (nori-coinciding) axes of symmetry its permanent dipole moment 
must he equal to zero. This is the case for all molecules that are spherical tops on 
account of their symmetry, that is, molecules that belong to any of the cubic point 
groups, such as CH4, SFc, and others.^® Therefore they do not exhibit any infrared 
rotation spectrum. Only if a spherical top molecule is accidentally a spherical top 
can it have a non-zero dipole moment and therefore an infrared rotation spectrum. 
The selection rule for J in this case is simply AJ = 0, =t 1 of which only LJ = -1- 1 
is of importance. One obtains a series of equidistant lines as for the symmetric top. 
The separation of successive lines is 2B. Actual e.xamples of this case are not known. 
ISTHs would be such a case if the angle of N — H witli the symmetry axis were 52°3' 
(which it actually is not). 

It should bo noted that the stnictiire of the far infrared rotation spcotnim alone does not allow 
a differentiation between a wynnnotric top inolecvile and one that is aeeidcntally a spherical top since 
the position of the rotation lines of the symmetric top does not dexiend on the moment of inertia 
about the figure axis. However, in principle a decision between the two alternatives from the rota- 
tion spectrum alone would be possililo l)y accurate intensity rnoawuremtuitB, A alight difference of 
intensity diatidbution in the (uihc of a symmetric tox) and a spherical top with the same B value arises 
since for the latter all levels with dilTerent K coincide and thus have the same lioltzmiann factor, 
whereas they do not coincide and liave different Boltzmann factors for the former. 


Rotational Raman spectrum. As iiiexitioned before, iin axis of symmetry is 
always an axis of the polarizability ellipsoid. A three-fold axis of symmetry causes 
the polarizability ellii)soi(l to be a rotational ellipsoid and therefore two or more 
three-fold (or higher-fold) axes cause it to be a, sphere. This is the case for all niole- 
culeB that are spherical tops on account of their symmetry (and for no others); 
that is, for molecules like CII4, STg if they have cubic symmetry. Tor any rotation 
of such a molecule the dipole moment induced by an external field remains unchanged 
and therefore no rotational Ramafi spectricm appears. Actually a number of autliorB 

They arc, of course, not the only molecules with zero dixoolo moment. 



42 


ROTATION AND ROTATION SPECTRA 


1,4 


[for example, Bhagavantam (147) and Lewis and Houston (576)3 have tried to find 
the rotational Raman spectrum of CH 4 , but without success, as was to be expected 
from the above consideration. Conversely, the absence of a rotational Raman spec- 
trum proves that CH4 has tetrahedral symmetry (point group Tf). 

Again, if the molecule ia accidentally a spherical top the polarizability ellipsoid is in general not 
a sphere and a rotational Raman spectrum may occur- The selection rule for J is AJ =0, d= 1, ± 2 
and one obtains an R and an jS branch of spacing 2B and 4B respectively on either side of the exciting 
line, just as for the symmetric top. However, the intensity distribution is slightly different, as in the 
case of the infrared rotation spectrum (see above). Lewis and Houston (576) in their investigation 
of the rotational Raman spectrum of NH 3 by careful measurement of the intensities have indeed 
been able to rule out definitely the possibility that NH 3 is accidentally a spherical top, in agreement 
with other evidence (see Chapters II and IV). 

4. Assrmmetric Top Molecules 

If a molecule has no three-fold or higher-fold axis, all three principal moments of 
inertia are in general different and the molecule is an asymmetric top. This is the 
case for the great majority of polyatomic molecules. For example, the molecules 
H2O, C2H4, H2CO are asymmetric tops. 

Classical motion. As always, the total angular momentum P of the system re- 
mains constant in magnitude and direction during the rotational motion. However 
there is no longer (as for the symmetric top) a direction in the molecule along which 
P has a constant component. In other words, there is in general no axis fixed to the 
molecule that carries out a simple rotation about P (as does the figure axis of the sym- 
metric top). The actual (classical) motion can be illustrated in the following way 
Qsee Schuler (772)3: By multiplying each radius vector in the momental ellipsoid by 
Vir where T is the (constant) kinetic energy of rotation, one obtains the so-called 
energy ellipsoid, which is exactly similar to the momental ellipsoid, and like the latter 
is fixed to the molecule- If this energy ellipsoid, with its center (the center of mass 
of the molecule) fixed in space, rolls without slipping on a fixed plane pcr|)cndicular to 
the total angular momentum P, the resultant motion of the molecule (fixed to the 
ellipsoid) will be one of the possible motions for the particular value of the kinetic 
energy and the particular direction of P. This is illustrated in Fig. 16a in which a 
is the curve of the successive points of contact on the ellipsoid and h the curve formed 
by these contact points on the plane. The plane is called the invariable pUme, since 
for the free motion of the top it remains unchanged- Which of the infinite number 
of possible positions the plane has for a given kinetic energy depends on the initial 
conditions (direction and magnitude of the initial angular velocity) . 

It is important to realize, as should be clear from Fig. 16a, that the direction of 
any one axis of the ellipsoid does not simply describe a circular cone about P but a 
more complicated conical surface which is not closed. This same nutation applies 
to any (two-fold) symmetry axis the molecule might have since such a,n axis coincides 
with one of the principal axes. The intersection of the conical surface of nutation, 
whose vertex is at the center of mass, with the invariable plane is shown in Fig. 
16b, c, and d for three different positions of the latter. Only when the ellipsoid is 
a rotational ellipsoid, that is, when the molecule is a symmetric top, will the axes 
describe simple circular cones for any position of the invariable plane. 
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The instantaneous axis of rotation is the line (marked <o in I’ig. 16a) connecting 
tlie point of contact of the energy ellipsoid and the invariable plane with the center. 
It is seen that in the general case it, too, describes a more complicated conical surface 
both with respect to a fixed coordinate system and one fixed in the molecule,^^ 



(<■) pi) 

Fill. 1(>. Classical motion of the asymmetric top haftor Schuler (772) 3- (a) Energy ellipsoid 

and invariable plane, (b) Nutation of arts of smallest moment of inertia, (c) Nutation of axis of 
largest moment of inertia, (d) Nutation of axis of intermediate moment of inertia. — The three 
cairvca (b), (c) iuv<l (d) corrosponcl to different i)ositionB of the invariable plane such that d is slightly 
smaller tliau the inirtieulur axis of the energy ellipsoid. 

If the distance d of the in variable plane from the center equals the length of any 
one of tlie somiaxes of the energy ellipsoid (and only then) we obtain a simple rotation 
about that principal axis as a special case of the rotational motion of the asymmetric 
top. If the distance d is somewliat smaller than the largest axis or somewhat larger 
than the sina,lle.st axis of the energy ellipsoid, the motion is somewhat similar to that 
of tlie symmetric top: Tlie nutation of the axes takes place between two circular cones 
of not very dilTcrcnt radii as in Fig. 16b and c. But if d is near the length of the 
intermediate axis the nutation is quite different: the nutation takes place between 
two opposite circular cones; the point of intersection of each principal axis with the 
invariable plane moves out in. a spiral as in Fig. Kid and pieriodically comes back; the 
molecule turns over almost completely during one such “period.” 

The length of this line ib e<iuiil to the magnitude of the instaiitanooua angular velocity which 
vmioB in the courBo of time liotli in direction and magnitude, 'whereas for the symmotric; top it is 
cousUiut in inagtutude. 

This conical surfsicci and the one dosciribed by a principal axis, incidentally, in the (uise of (lie 
syrnniotric top go oven- into the t wo circular cones shown in Fig. 7. Or lumversely, wo may iilso 
consider the motion of the asynniKd ric toi) Jis tho rolling of a conical surface fixed to the niolecule 
on one fixed in apaiie. 
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Energy levels. The energy levels of the asymmetric top, according to quantum 
mechanics cannot be represented by an explicit formula analogous to that for the 
symmetric top (I, 20). Therefore let us first try to get a qualitative picture of the 
energy-level diagram. The total angular momentum J in a given energy level, as 
always, is constant in direction and magnitude. It is quantized, that is, its magni- 
tude' his the values + lT(^/2w), where / = 0, 1, 2 ■ • • . Every level of the 

asymmetric top is characterized by a certain value of the quantum number J. Eor 
a symmetric top' there are / + 1 sublevels of different energy for each value of 
J namely those with Z == 0, 1, 2 • • • J, of which all but one (K = 0) are doubly 
degenerate. In passing from the symmetric to the asymmetric top this degeneracy 
is removed since there is no longer a preferred direction which carries out a simple 
rotation about /. Thus for each value of J, there are 2 J -h 1 different energy levels. 

For a slight deviation from the symmetrical top the splitting of the “originally” 
degenerate levels is slight and we obtain the energy-level diagram to the right or 
left in Fig. 17. The splitting is quite analogous to the A-type doubling of diatomic 
molecules and may be called K-type doubling. It increases with increasing J but 
decreases with increasing I? (corresponding to A for diatomic molGculcs). 1. oi slight 
deviations from the symmetric top the quantum numbei N is still appioxiniately 
defined but for larger deviations it has no longer any definite meaning. In fact there 
is no quantum number having a definite physical meaning that distinguishes the 
2/ -h 1 different levels with equal J. Therefore it is general usage to distinguish 
them simply by a subscript t added to J such that t takes the values 

f = — — ,/ -j- 1, — J -j- 2, • • • d” ’If (I, 54) 


assigning the lowest r = 
T = — / 1 to the next 

for J = 0, 1, 2, 3, and 4. 


- J to the lowest level in the group, the next lowest 
lowest level, and so on. This is also indicated in hig. 17 


Classically, motions with tho samo total ang\ilar momentum are obtaim'd from that di'scribed 
by Fig. 16a if tho invariable plane is shifted and the size of tho energy ellij woid changed Hinudtaneously 
in such a way that 2T/d = IPj remains constant. According to <inant,um tlicory, <>f the iirfinito 
number of such motions only 2./ + 1 occur, corresponding to 2/ + 1 posit ions of t he invariable piano 
and 2J + 1 associated sizes of tho energy ellipsoid. For the lowest i> 08 it.ion of t he plains (largest d) 
and the highest energy (largest 2T) , tho energy ellipsoid has its largest axis pta pemlieidar to the plane, 
that is, we have a simple rotation about the axis of smallest moment of inertia. Mytm though tho 
highest quantum-theoretical level t = -f- ./ docs not have oxa<!tly the highest. clasKical (unagy, wo 
can conclude that it corresponds approximately to a rotation about tho a.r/.v of loaot niornont of uwrtia 
(for the limiting symmetric top that has this axis as figure axis it is the lev<>l K at. the right in 

Fig. 17). Similarly it can bo soon that the lowest level -r = — ,/ com^Bivmds approximately t(j a 
simple rotation about tho axis of larve-^t moment of inertia (A = J for the limit, ing Hymm<>t,ri<^ top with 
this axis as figure axis, at the loft in Fig. 17). 


Let US call the three principal moments of inertia, of an t»,syiain(d,ri(; toj), 
of increasing magnitude, 7^, In, and 7c, and let us introduce, similar to th<( 
clature for the symmetric top,^® the quantities 


in order 
notuen- 


A = 


h 




B 


h 


SttHIb ’ 


C - 


87r”c7c 


(I, 55) 


In reading the literature on the subject it should l>e noted that some aut hors uh<' .1. H, and i! 
for tho moments of inertia, which however is not consistent with the international nommudut.ure for 
diatomic molecules. 
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We may then compare the energy levels of this asymmetric top with two limiting 
cases, one in which 1b — Ic (prolate symmetric top) and the other in which Is — I a 
(oblate symmetric top). By letting Ib decrease gradually from Ib = Ic to Ib — Ia 
we can expect to find a continuous change of the energy levels. In the first limiting 
case (Ib = Ic) the energy levels are, according to (I, 20), given by 

F(J, K) = BJ(J + 1) + (^ - B)KK (I, 56) 

These levels are indicated to the extreme right in Fig. 17 but, unlike Fig. 8a, levels 
with different K are not plotted in separate vertical columns. In the second limiting 
case (Ib = I a), replacing A by C, we obtain 

F(J, K) = BJ(J -h 1) + (C - B)K\ (I, 57) 

These levels are plotted to the extreme left in Fig. 17. This part of Fig. 17 corre- 
sponds to Fig. 8b. It should be noted that while at the right for a given J the energy 
increases with increasing K, at the left it decreases with increasing K since C < B < A. 

J K 



Fiu. 17. Energy levels of the asymmetric top; correlation to those of symmetric tops. 

A little toward the inside from the extreme right and left in Fig. 17 are plotted 
the energy levels of the respective slightly asymmetric tops for which the levels with 
K 0 are split into two components. In a very rough approximation the energy 
levels in any intermediate case are obtained simply by connecting by smooth curves the 
levels of a given J on the right, without intersection, with the levels of the same J on the 
left side. This is accomplished by connecting the lowest level of a given J on the 
right with the lowest one of the same J on the left giving the J—j level, the next 
lowest on the right with the next lowest on the left, giving the J_jr+i level, and so on. 
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It is seen, from Mg. 17 that the arrangement of the levels in an intermediate case 
(obtained as the points of intersection of the connecting lines with a vertical line) 
is rather irregular. 

It should be noted that with increasing J the groups of levels with given J (even 
in the limiting cases) overlap one another. In fact, in many cases they do so even 
for very low J values. That they do not overlap in the figure is due only to the fact 
that A - C has been chosen smaller than either A or C. It can be seen qualitatively 
from the figure that if B is half-way between A and C [^that is, B = ^(A -t- 0)3, the 
energy levels for a given <7 are symmetrically situated with i espect to the central 
level Jo. This is confirmed by actual calculations. 

Fairly elaborate calculations are necessary in order to obtain a representation of 
the energy levels of the asymmetric top by guantitative formulae. Such calculations 
have been carried out by Witmer (946), Wang (912), Kramers and Ittmann (539) 
(540), Klein (515), Ray (725), and others. The energy formulae may be written in 
different forms. Two of these have been used in numerical calculations. The first 
of these energy formulae, due to Wang (912), is 

F(J.) = KR + 0)J(J + 1) + :A - |(B -h C)Wr; (I, 58) 

the second formula, due to Ray (725) as corrected by King, Hairier, and Cross 
(504) is • 

F{Jt) — d" C)J(J -f- 1) + K-d- ” C)Er. (I, 59) 

In these equations Wr and Er are closely related quantities that depend in a compli- 
cated manner on A, B, C, and J, and for a given J assume 2J + 1 different values 
corresponding to the 2J -f- 1 sublevels mentioned above. The 2J -f- 1 value.s ol 
or Er for a given J are the roots of a secular determinant of degree 2 J + 1 . However, 
fortunately, this determinant can be factored into a number (four for J > 2) of 
determinants of smaller degree leading to a number of algebraic equations in each 
case. Even so, the degree of these algebraic equations increases linearly with /, so 
that it is exceedingly laborious to determine the energy levels when the moments of 
inertia are known. 

The algebraic equations for Wr for J = 0 to J = 6 are, according to Nielsen (660) 
[as corrected by Randall, Dennison, Ginsburg, and Weber (712)]: 


/ = 0 : 

Wfl = 0 

J = 1: 

Wr = 0 

Wr^ - 2Wr 4- (1 - 6') = 0 

J = 

Wr - 1 + 36 = 0 
Wr - 1 - 36 = 0 
Wr - 4 = 0 
Wr"^ - 4Wr - 1262 = 0 
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J = 4-: 



- 4 = 0 

- 4:Wr - 6062 Q 

Wr^ - (10 - 6b) Wr + (9 - 546 - 1562) q 

Wr^ - (10 + 6b)Wr + (9 + 546 - 1562) = 0 

(I, 60 conl.in.ui<d) 

Wr^ - 10(1 - 6)pr, + (9 906 - 6362) _ q 

Wr^ - 10(1 + b)Wr + (9 + 906 - 6362) _ q 

- 20 Wr + (64 - 2862) = 0 
Wr^ - 20 Wr^ + (64 - 20862) + 288062 = 0 

Wr^ - 20PF,. + 64 - 10862 = 0 
Wr^ - 20Wr^ + (64 - 52862) + 672062 = 0 


Wr^ - Wr2(35 - 156) + TF'r(259 - 5106 ~ 21362) 

- (225 - 33756 - 424562 + 67562) = O 

11// - Tl//(35 + 156) + Wr(259 + 5106 - 21362) 

- (225 + 33756 - 424562 - 67562) = 0 

J = 6 ': 

IF/ _ Wr^(35 - 216) + TFr(259 - 7146 - 52562) 

- 225 + 47256 + 916562 - 346562 o 


IF/ - lF/(35 + 216) + TF/259 + 7146 - 52562) 

- 225 - 47256 + 916562 _j_ 34 ( 55 // = o 


TF/ - 56 IF/ + lF/784 - 33662) - 2304 + 998462 ^ q 

IF/ - 561F/ + lF/(784 - 117662) __ 1+^(2304 - 53,66462) 

- 483,84062 55^4406*^ (> 


In tliese eciuations the parameter 6 is an abbreviation for 


6 = 


C - B 

21 A - i(/i+~cr) J ■ 


(I, 01 ) 


In order to find, for example, the energy values for ./ — 5, one would hu,v<i to solve 
the quadratic equation and the three cubic equations given under J = 5 in (I, 0 ( 1 ) 
and substitute the eleven different IFr values into (I, 58). The lowest value of IF ^ 
obtained from the set of equations for a given J is lF_j^, the ne.xt lowest | 1 , 

and so on. Nielsen (660) has given the equations up to J = 10 and K.iin<LaIl, 
Dennison, Ginsburg, and Weber (712) have given the equations for J = 11 . ns \v<*ll 
as a list of typogra,[)hica.l errors in Nielsen’s equations. Further equations for larger 
J values have not been worked out but could be derived comparatively easily from 
Wang’s (912) general equations. 

The equations for Er in (I, 59) are obtained from (I, 60) by substituting FJr/ fc for 
IFr and I/k for 6 where 


K — 


2 C^J_(A + C)] 
A - a ' 


( I , f> 2 ) 
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As B is allowed to vary from C to A, as in Fig. 17 — ^that is, in going from the prolate 
to the oblate symmetric top — k goes from —1 to +1 whereas 6 goes from 0 to — 1 . 
In the most asymmetric top (for fixed C and A), when B is half-way between A and C, 
the parameter x === 0 while 6 = — If one wants to calculate the energy levels for 
a series of asymmetric tops between the two limiting cases, it is preferable to use 
equation (I, 59), since Ray (725) has shown that, for any given J, 

Erin) E-r(- ic). (1,63) 

Thus it is only necessary to calculate the energy values on one side of the most 
asymmetric case (x = 0 ). Those on the other side are then immediately given by 
(I, 63) and (I, 59). Recently King, Hainer, and Cross (504) have given an exceed- 
ingly useful table of the Fr(x) values for /== 0 uptoJ = ll and for x = 0 , — 0 . 1 , 
— 0.2, • • • — 1.0. Fairly accurate energy values for intermediate x values may be 
obtained from this table by interpolation. 

For a few levels, by combining (I, 58) (I, 60) (I, 61) simple formulae for the 
energies are obtained: 

F’(Oo) = 0; 

FCl-O = R + C, F(lo) = A + C, Fa+i) = A + B; 

F( 2 _i) = A + R + 4C, F(2o) = A + 4R + C, F( 2 +i) = 4A + R + C; (I, 64) 

F(3o) = 4(A 4- R + C). 

In the limiting case of the prolate symmetric top (R == C, 6 = 0, x == — 1 ), as 
can be verified immediately from the equations (I, 60), Wr assumes the values, 0 , 
12 , 22 ^ 32 . . . as it should since Wr is then equivalent to in (I, 56) for the sym- 
metric top [|(R 4 C) is then equal to R]. A comparison of (I, 59 ) and (I, 56) shows 
that Er in this case assumes the values 2K^ — J{J 4 1 ) with A = 0, 1,2, • • • J. 
In the limiting case of the oblate symmetric top (B — A, b = — 1, x = 4 1 ), 
(I, 58) and (I, 59) must go over into (I, 57); that is, Wr and Er become equal to 
/(J 4 1) — as can be verified easily for the lowest J values from equations (I, 60). 

From Fig. 17 as well as from equations (I, 60) it is seen that for the asymmetric 
top there are no simple series of rotational levels as there are for the symmetric top. 
However, to a certain approximation, particularly for slightly asymmetric tops, simpler 
formulae giving such series of levels may be developed and used to advantage, even 
though they are not sufficient for an accurate representation [see Mecke (612) (614)]. 
Since TFr in the prolate limiting case (R = C) is equivalent to K~, it is to be e.xpected 
from (I, 58) that for a slightly asymmetric top near this case, 

Fproiato(/, K) = §(R 4 C)J{J 4 1) 4 [A — 4 C')]/v“, (I, 65) 

with integral K < J, will give a fair representation of the energy levels. Similarly, 
near the oblate limiting case, we would have 

Fobiato(/ , K) = -^(4 4 B)J{J 4 1) 4 [C — ^(A 4 R)3/v". (I, 66 ) 

In the first case the two highest levels J+j and J+j-i for each J (for which K = J; 
see Fig. 17) are given by 

iCR(./-M) 4 R(./+.r-i): = Ar~ 4 3(R 4 C)J; (I, 67) 

in the second case, the two lowest levels {K = J) are given by 


3[F(J_.r) 4 R(/-y+i)] = Cr^ 4 KA 4 B)J . 


(I, 68) 
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By taking account of the difference between and Wr, Mecke (612) obtained, instead of (I. 67) 
and (I, 68), 


I [F(J+^) + J_i) 2= AP + + C)/ - UB - C)J^^ ^ 

KBiJ-j) +F(,J-j+i)2 = +B)J - UA - B)J 


J - 
.2J — 1 


where h is given by (I, 61) and 


J 


h* 


B - A 


. 62 \ 


d+r)- 

(1, 69) 

6*2 \ 


1+t)’ 

. (I, 70) 


(I, 71) 


2lC - +B)] 

The equations (I, 69) and (I, 70) hold to a fairly good approximation even for strongly asymmetric 
tops and may then both be applied to the same top. 

Wang (912) Qsee also Mecke (614)] has given formulae for the splitting of the 
levels that are degenerate in the limiting symmetric tops. Instead of reproducing 
these formulae we give in Fig. 18 a graphical representation of the variation of the 
energy of the levels with K = 0 to 4 as a 
function, of J [after + C)J(J + 1) has 
been subtracted] for the case of a very slight- 
ly asymmetric (nearly prolate symmetric) 
top. It is seen that the splitting (iT-type 
doubling) increases with increasing J but 
much less rapidly for the higher K values. 

Also it is seen that the average of the levels 
of the same K deviates from a horizontal, that 
is, does not follow exactly ^(B 4- C)J(J + 1). 

As is easily verified from equations (I, 60) 

(without solving them), the average of all levels 
with a certain J follows accurately the form- 
ula for the simple rotator with an average 
rotational constant [see Mecke (612)]: 


2,/ “t- 1 


?,(/! + 4- C)I{J 4-1). (I, 72) 



This relation is useful in checking calculated 
levels and the correct assignment of observed 
levels. Furthermore, by a more careful anal- 
ysis of tlie equations (I, 60) Mecke (612) has 
derived certain stim rules, that is, simple 
formulae for tlie sura of certain sublevels of 


Fig. 18. Rotational energy of a slightly 
asymmetric top (b about 0.01) as a func- 
tion of J [after Dieke and Kistiakowsky 
(288)].— The term -|- OJ(J + 1) is 

sulrtrurted from the energy, that is, the 
deviations of the curves from horizontal 
lines represent the deviations from the 
levels of the symmetric top. 


a given J, These sum rules are given in 

Table 8 for values of J up to J = ().*•*’' They are exceedingly useful in determining 
the rotational constants from tlie ol)serve<l energy levels. The sum rules hold rig- 
orously, just as do equations (I, 60), ns long as the asymmetric top is rigid. 


Influence of non-rigidity, q'ho actual asymmotriti top moloculea are not strifdly rigid. There- 
fore, in oonsoqueiKJe of the (iontrifugal forces acting on the nuclei, the molecule is inca-easingly dis- 
torted in the higher rotational levels and this leads to (usually slight) changes of the energy as 


^ They are obtained by applying the rule about the sum of the roots of an algebraic equation 
to each one of the equations (I, 60). 
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Table S. sum bulks fok the asymmktkic tup aftkh mkcke (512). 


. Designation of levels 

Sum 

Type of level 
(see p. 52) 

F(Oo) 

0 



P(2_2) + P(2+-j:) 

4(A + i? + (7) 



F(3o) 

4(A +B + 0 


„L 4 . 

/?’(4_4) + P(4:o) + F(4+4) 

20(A + B + C) 


1 P 

F(5^2) -h ^(5+2) 

20(A + + 0 



F(6_6) + F(6^2) + F(6+.>) + ^(6+6) 

56(A + B + C) 

J 


FiU) 

(A + C) 

d 


F(2o) 

4B + (A + C) 



F(3-2) +F(3+2) 

4B + 10(A + C) 



F(4:^2) +-F(4+2) 

20j5 + 10(A + C) 



F(5_4) + I^(5o) + F{5+d 

205 + 35(A + C) 



F(6_4) + F(6o) + 

565 + 35(A 4- G) 

J 


/'■’(l+i) 

(A + 5) 

*“1 


F(2^i) 

4(7 4“ (A 4” B) 



FiS^i) +F(3+3) 

4(7 4- 10(A 4- 5) 


, 

F(4_3) +i^(4+i) 

20(7 4- 10(A 4- 5) 



F(5_3) + F(5+x) + iJ-CS+o) 

20(7 4- 35(A 4- 5) 



F(e>-,) + + i^(6+3) 

56(7 4- 35(A 4- 5) 



F(l-i) 

(5 4- C) 

- 


i'X2+,) 

4A 4- (5 4- C) 



F’(3_.-0 4-/^(3+i) 

4A 4- 10(5 4- C) 



2?’(4_i) 4- /^(4+3) 

20A 4- 10(5 4- C) 


— ...p 

ii’(5_5) + F(5^i) + i'X5+:,) 

20 A -h 35(5 4- C) 



i?’(6_3) + ^’(6 h.,) + /<X6+r.) 

56 A 4- 35(5 4- C) 




comiDared with the values given by (I, 58) or (I, 59). Similarly to the ease of the Bynimolric^ tt>p* 
the magnitude of the energy shifts in consequence of the centrifugal dusUMio/i dtqxnKls on J and r aa 
well as on the force constants in the molecule. The exact form of the dopendenca^ is (|uite <a>mpli- 
cated. It has been discussed in detail by Wilson (936) (937), by Crawford and ( h'oss (242) , who have 
applied Wilson’s method to HtjS and have given valuable tables, by Shaffer and NielHen (780) and by 
Nielsen (665). Randall, Dennison, Ginsburg, and Weber (712) have given iin ai)proxiinate foriimla 
for the deviations, SF(Jj^j) and 5P\J^j) of the highest and lowest level of each sevt Avith givtm J from 
the rigid top levels in the case of a non-linear molecule XY 2 (such as H^O). They found 

8F == - 1)J\ (I, 73) 

where the constant D is dilTerent for the highest and lowest level and de[>en(ls on .1 and C rosixjc- 
tively as well as on the force constants in the molecule. 

For H 2 O the correction for ./ = 11 is as high as 280 cm”^ (S.7 x>er cent of the t-erm value) in the 
highest levels but is only 4.3 cm“"^ in the lowest. The large correction for the highest levc^I, in which 
there is essentially a rotation about the smallest moment of inertia axis (parallel to 11-11 in H 2 O), 
corresponds to a change of the H — O— II angle from its equilibrium value of 1 04*^27' to 98°52' and 
of the O— H distance from 0.958 to 0.964 A. The changes introduced by centrifugal distortion are 
thus quite considerable for the higher rotational levels in light molecniles such as II ^O. They are, 
however, very small for heavier molecules with smaller speeds of rotation. 

Symmetry properties and statistical weights. Just as for linear molecules and 
symmetric iop molecules, the total eigenfunction must remain iinchaiiged or can 
only change sign for an inversion, that is, the rotational levels are positive or negative. 
For non-planar asymmetric top molecules, just as for symmetric top molecules, each 
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single level of the asymmetric top is really double on account of the. possibility of 
inversion (inversion doubling) and always one component is positive, the other nega- 


tive. For planar asymmetric top molecules (H2O, 
H2CO, C2H4 • ■ • ) there is no such doubling. It 
can be shown (see Chapter IV, section 4a) that 
for them in a totally symmetric vibrational and 
electronic state the highest level J^j of each set 
of a given J is +, the two next highest are — , the 
two next -f, and so on (see the first column of 
signs in Fig. 19). 

The above classification according to the sym- j = 5 
metry properties of the total eigenfunctions 
\^over-all species classification according to Miil- 
liken (645)3 is not as frequently used as a clas- 
sification according to the symmetry properties of 
the rotational eigenfunction only []see Dennison 
(279)3* For the sake of brevity let us call the 
three principal axes about which the moments of 
inertia are I a, Ib, I c respectively the a, h, c axes. 

The rotational eigenfunction, is a function of 
the orientation of this system of axes with respect 
to a fixed coordinate system, [i/'rp gives the 
probability of finding the various orientations of 
the axes. Because of the symmetry of the mo- 
inental ellipsoid, an orientation that differs from 
a given one by a rotation through 180° about 
one of the axes must have the §ame probability. 
Therefore d'r must remain unchanged or only 
change sign for such a rotation. We call these 
rotations Cb", C-J', and C‘f (tlie axes are two-fold 
axes of symmetry of the momental ellipsoid). ' 
Thus the rotational levels of an asymmetric top may 
he distinguished by their behavior ( -f- or — ) imlh 
respect to the three operations, C-fi, C-i^^ CY- Since 
one of these operjitions is equivalent to the other 
two carried out in succession, it is sufficient to 
determine the behavior with respect to two of 
them; usually CV and Cb" are chosen. There are 
thus four different types (species) of letuds, briefly 
described by -f -h, H — , — h, and , where the 



first sign refers to the behavior with resi)ect to C/, 
the second to tlie behavior with respect to O-ff. 


/ “ ■ 

Fio. 19. Symmetry properties of the rotational levels *1, a l-j ~ 7 [**^1 ? 

of asymmetric top molecules for / = 0 to 5. — Tho desig- ~b ,s Og , 1 ( 1 ) 

nation -t-+, -1 — , ••• applies to any ciiso, the pi'oporties 

s (symmetric) and a (antisymmetric) given at tho right refer to the case that tho C'a lies in tho « 
axis (H 2 CO, • • •). those at the loft to tho case that tho C 2 lies in tho 6 axis (HsO, • • •). For tlie sake 
of clarity the different sets of levels with a given J have been drawn separated. Tho spjwnng of the 
levels within each set corresponds approximately to the most asymmetric case (see p. 48). 


■ + + (+) .V 

" Hh ) A' 
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The behavior with respect to is simply the product of the two signs. The four 
types are also designated A, Be, Ba, Bb respectively [Mulliken (645)3. Table 9 sum- 
marizes the designation and the behavior of the four types of levels. 


Table 9. classification op the energy levels op the asymmetric top. 


Designation 

Beliavior 

Dennison 

Mulliken 

(72-= 

< 7 ..'' 

ce 


A 

+■ 

+ 

+ 

-j- _ 

Be 

+ 

- 


-+ 

Ba 

— 

- 

+ 

“ — 

Bb 





It has been shown by Dennison (279) from a closer consideration of the eigen- 
functions that the highest level J+j for each set of a given / is +• with respect to 
the two next highest are — , the two next are +, and so on. Furthermore, the 
lowest level J-j of each set is + with respect to Cz°, the two next higher are — , the 
two next +, and so on. Thus the type of each level can be obtained. Fig. 19 shows 
the result for J = 0 to J = 5. The behavior with respect to is indicated in 
brackets. 

It can be shown that each one of the algebraic equations (I, 60) gives levels of 
one species only. That is why in the sum rules of Table 8 only states of the same 
type occur. These types are indicated in the table. 

As is easily seen, by comparison with Fig. 17, the levels that are + with respect to C'f are derived 
from the levels with even K in the corresponding oblate symmetric top (to tlie left in Fig. 17), while 
those that are — with respect to (72* are derived from the levels with odd K. Himihirly the levels 
that are -1- or — with respect to C‘/^ ai'e derived from the levels with oven nr odd K respectively in 
the corresponding prolate symmetric top (to the right in Fig. 17). On this basis King, Hainer, and 

Cross (604) have introduced the designation ee, oe, eo, oo for the species ++, d — , — and 

respectively, where the first letter indicates even or odd A'prolnto, the second even or odd Aoblntc 
It appears that the reverse order would have been preferable, since then + and c, — and o would 
be equivalent. 

If an asymmetric top molecule has identical nuclei the total (ngcnfunction must 
be symmetric or antisymmetric with respect to an exchange of any two identical 
nuclei. However, this leads to a further significant classification only in cases of 
symmetric molecules in which an exchange of the nuclei can be brought about by a 
rotation about one of the principal axes, that is, in cases of molecule.s that have 
two-fold axes. 

We consider first the case of molecules with one 'pair of identical nuclei only, such 
as H 2 O, H 2 CO, CI 2 CO and similar molecules of point group Cz„. For these molecules, 
for a totally symmetric vibrational and electronic state (ground .state), tliosc rota- 
tional levels are symmetric in the nuclei that are positive with respect to rotation by 
180° about the two-fold axis, and those levels are antisymmetric that are negative with 
respect to the same rotation. For the molecules considered, the two-fold axis of 
the molecule coincides either with the a or the b axis (least or intermediate moment 
of inertia) . In the first case the levels that are -f- with respect to C'P are symmetric, 
that is, the -1-+ and — 1- levels, and the levels that are — with respect to Czf are 
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antisymmetric, that is, the H — and levels. This is indicated at the right in 

Fig. 19. This first case applies, for example, to the molecule HaCO or to a molecule 
XYa in which the Y — X — Y angle is small (not HaO). In the second case (two-fold 
axis coincides with 6-axis) the levels that are -1- or — with respect to (72* are sym- 
metric or antisymmetric respectively, that is, the + + , , and H — , — j- levels 

respectively. This is shown at the left in Fig. 19 and applies, for example, to H 2 O, 
NOa and other similar molecules with a fairly large angle. It may be noted that in 
this case, unlike the first, in a set with a given J the levels are alternately a and s, 
and the lowest (and highest) level is s or a depending on whether J is even or odd. 

If the two identical nuclei have zero spin, only those levels occur whose total 
eigenfunction is symmetrical with respect to an exchange of the two nuclei; that is, 
for a totally symmetric electronic and vibrational state the antisymmetric rotational 
levels (see Fig. 19) are missing just as for diatomic molecules. If the nuclei have 
non-zero spin, both the symmetric and antisymmetric levels are present but with 
different statistical weights, which again are the same as for the corresponding diatomic 
molecules and dejjend on the statistics in the same way. For example, for H 2 O, 
HoCO the antisymmetric levels have 3 times the statistical weight of the symmetric, 
for D 2 O, D 2 CO the statistical weights of the a and s levels are in the ratio 1 : 2. This 
is, of course, apart from the usual factor 2/4-1 (which is the same for all 2/ -H 1 
levels of a given J value). Molecules like HDD, HDCO, of course, do not exhibit 
any sucli difference. 


Table 10. statistioal weights of symmetkic and antisymmetric rotational levels 
IN the elegtkonic and vibrational ground state op some asymmetric 

TOT MOLECULES OP SYMMETRY Cii, C ^„, AND C ^ h - 



Statistical weight factors 

MolcMnile 

Symmetric 

Antisymmetric 


levels (^4) 

levels (B) 

IDO, HoCO 

D 2 O, D 2 GO 

! 1 

() 

3 

CIS-, trans-H I> 

15 

21 

(UH-, trans-H DC/3=C'»H I> 

78 

66 

i)2(;w=c'2H2, D2c::'3==o‘*h.., CH 2 D 2 

15 

21 

cis-, trans-H Ffn2=C>2FH, (H/aFs 

10 

6 

<na-, trans-ITCl'-'»Oi2=C'2CFHI, 

78 

66 

cis-. trans-l>( n»r>Oi2=.Ci3(-i:tr>D, 

153 

171 

N02>®. 02i«N— N02'’‘ 

1 

0 


0 

3 


As for diatomic molecules, in consequence of the smallness of the nuclear magnetic 
moments symmetric and antisymmetric levels do not combine with one another to any 
significant extent even by collision, and vve have again two modifications of the gases 
H 2 O, IIoCO, and others that may appropriately be called ortho-H20, para-H20, 
and so on. 

*** Tho following values for the nuclear spins have been assumed: /(H) = |, /(D) = 1, /(0*“) = 0, 
/(CV) = 0, /((:‘2) = 0, /((;••■») = i, /(F'’) = /(CP6) = I, /(N*'') = 1. 
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Since the symmetry of the eigenfunctions is not changed by changing the moments of inertia, 
the above considerations also supply the symmetry properties « and a of the levels of a symmetric 
top having two identical nuclei, that is, one that is accidentally symmetric [[for example XY 2 with 
a certain angle; see Mulliken (645)3- 

For asymmetric top molecules of point groups C^r and C^h with more than one pair of identical 
nuclei that are exchanged by a rotation about the two-fold axis, the same symmetry properties s 
and a as in Fig. 19 apply when the C 2 coincides with the smallest or intermediate moment of inertia 
axis. If it coincides with the largest moment of inertia axis (which is possible in this case but rarely 
occurs) it is easily seen that the + + and d levels are symmetric, the h and levels anti- 

symmetric. Which levels have the greater statistical weight depends on the resultant statistics of 
the set of nuclei that are exchanged by the two-fold rotation (similar to the case of linear molecules 
with several pairs of identical nuclei) and the magnitudes of the statistical weight factors due to nuclear 
spin are given by the previous expressions (I, 8 ) and (I, 9). Table 10 gives the results for a few such 
. molecules. Since in Chapter IV the symmetric and antisymmetric levels of the present case will 
be called A. and B levels respectively these designations are added in the table. 

If a molecule has three mutually perpendicular two-^fold axes (point groups V and Vjl) there must 
be at least four identical atoms, and a rotation by ISO'^' about any one of the axes (which coincide with 
the principal axes of inertia) exchanges at least two pairs of identical nuclei. Since the total eigen- 
function can only be symmetric or antisymmetric with respect to such an exchange and since the 
rotational eigenfunction is positive or negative with respect to the same rotations, wo obtain four 
types of symmetries with respect to the exchanges of nuclei which might bo called sa, as, 
where the first letter gives the symmetry with respect to an exchange of nuclei produced by the 
operation the second with respect to € 2 ^^ For a totally symmetric electronic and vibrational 

state it is clear that the + + levels are the d levels are sa, the h levels are and the 

levels are aa. Wilson (933) calls the ss^ sa, as, aa levels, A, Bi, B^, Bz rcB|>ectively (sec Chax>ter 

IV, section 4a). 

If the spins of the identical nuclei are zero (as for example in O 4 if it forms a rectangle, or in the 
C2O4” ion if it has an ethylene-like strxicture), the total eigenfunction must be symmetric with respocst 
to an exchange of any two identical nuclei and therefore only the ss (A) rotational levels occur; that 
is, the number of rotational levels is reduced very considerably (see the ++ levels in Fig. 19). 


Table 11. statistical weight factohs of the rotational lf4Vels in the 

ELECTRONIC AND VIBRATIONAL. GROtlND STATES OF BOMIO 
MOLEOULEB SYMMETRY V k. 


Rotational level 







+ +C^i)' 

7 

1 

27 

16 

G 

1 

51 


3 

18 

12 

0 

0 

27 

h(Bi\) 

3 

IS 

24 

3 


31) 

(B„) 

3 

18 

12 

0 

0 

27 

1 


If the spins of four identical nuclei are different from zero while all other nuclei luiv<^ zero Hpin, 
as in C 2 H 4 , G 2 CI 4 , and similar molecules, the other rotational levids (sa, as, aa.) may also o<M*.ur but 
with different statistical weights. A group theoretical investigation [[Wilson (933) ; see also Chapter 
IV3 shows that for I = ^ (for example C 2 H 4 ) the weight factors are 7, 3, 3, 3 rcsi>c(divcly ; for I ^ 1 
(for example C 2 D 4 ) they ai*e 27, 18, 18, 18 respectively, independent of the BtatiHti<%H of the nuclei. 

If the only identical nuclei with I 9 ^ 0 are on one of the symmetry ax(^s, as, for (example, in 
if it has symmetry V/i, in addition to the ss levels only those levels ocowr tluit arc antisym- 
metric with respect to those axes on which the nuclei with J ^ 0 do not lie. 'Phus, if th<^ nu<'lei with 
/ 5 ^ 0 lie on the a-axis (least moment of inertia) only the ss and as levels (that is, -b + and — + in 
the ground state) occur with weight factors as in the corresponding diatomic molcHailcs. If t lu^ spins 
of the nuclei on aa well as those off the axes are different from zero, all four tyi>cs of Icveia (xanir but 

These symbols are not used in the literature. 

To obtain the comi>lete statistical weight the factors given niust Ix' multipVuMl by ( 2 ,/ + 1 ). 

Assuming 7(0^^) = 



ASYMMETRIC TOP MOLECULES 


I, 4 



i.he weight fuetin's of the i^a, an, aa levels are no longer equal. The results for two such cases ai*e 
, given in Table 1 1 which also contains the previously discussed examples. 

Of course, there is again a very strict prohibition o/ intercombinations between levels of dijfercTiZ 
symmetry in the nuclei. It holds even for collisions, and therefore, similar to ortho- and para-I-l2, 
there are four modifications of C2H4 and C2D4, and two modifications of N204^®. 

Infrared rotation spectrum. As in the other cases discussed before, an infrared 
rotation spectrum can occur only if the molecule has a 'permanent dipole moment. 
Therefore molecules of symmetry Vh (such as C2H4, N2O4) do not exhibit an infrared 
rotation spectrum but only molecules of symmetry C2 such as H2O, H2CO, H2O2 
or molecules of still lower symmetry. If a permanent dipole moment is present we 
have, as always for dipole radiation, the selection rule for J, 

AJ - 0, ± 1, (I, 74) 

and tlie selection rule for the over-all species (+ and — ), 

+ — , “h — . (I, 75) 

As for symmetric top molecules, the rule (I, 75) is only of importance when the in- 
version doubling is not negligible. In addition, we have certain symmetry selection 
rules which depend on the orientation of the permanent dipole moment with respect 
to the principal axes of inertia: 

If the molecule has no symmetry the permanent dipole moment will in general not 
coincide witli or be perpendicular to any one of the principal axes. In this case the 
only restriction is that levels of the same symmetry do not combine with one another: 

H — l-^^H — h, H j h, , (1,76) 

If the molecule has an axis of symmetry, the dipole moment lies necessarily in this 
axis which coincides with one of the principal axes. In this ease only those rotational 
levels can combine with one another whose eigenfunctions have the same symmetry 
with respect to a rotation by 180° about this axis and opposite symmetry with respect 
to similar rotations about the other two axes. Therefore, remembering that the 
symmetry with respect to C<f’ is determined by those for 6V and (72"', we see tliat 
if the dipole moment Lies in the axis of least moment of inertia (a axis), only the transitions 

_j_ <_> — _j_ and -1- — <— > — — (I, 77) 

can take place. If the dipole moment lies in the axis of intermediate moment of inertia 

(b axis), only tlie transitions ‘ 

+ 4. 4-> and d h (I, 78) 

can take j)lace. If the dipole moment lies in the axis of largest moment of Liertia (c 
axis), only the transitions 

*T d" ^ ^ d~ — and — d~ ^ — — (I, 79) 

can take place. The pi'ohibition of intercombinations of levels of different sym- 
metry in the nuclei (see above) does not introduce any further restriction of the 
possible transitions. This can easily be verified if it is noted that the direction of 
the dipole moment necessarily coincides with that axis about which a rotation 
exchanges the identical nuclei. 
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In Fig. 20, for the three orientations of the dipole moment the possible transitions 
between the rotational levels J = 3 and J — A are indicated. It should be zioticed 
that in addition to transitions between levels belonging to different sets of J values 
(A/ = db 1) also transitions within one set’ of given J (A/ = 0) are possible. It will 
be seen that in eiach case the resultant spectrum is quite complicated, particularly 
since other J values occur at the same time. 

In the case of a completely unsymmetrical molecule [selection rule (I, 76)], all 
three sets of transitions given in Fig. 20 can take place. If the molecule has a plane 
of symmetry (point group Cg) the dipole moment lies in this plane. In this case only 
two of the three sets of transitions occur, namely those corresponding to the dipole 
moment in the two principal axes lying in the plane of symmetry. 

The proof of the above symmetry selection rules is comparatively simple. The matrix elements 
Jixf, Ryf, Rzf of the dipole moment are given by the general formula (I, 37) (p. 32) 

Rxf = Mx ^ cos ax^T'p/'^dTr + My ^ cos Oly\l/rNT"*dTr + Ms ^ coa OCz'prNr"*dTr 

and similarly for Ryf and Rzf. The moving axes x, y, z may here be taken as the a, b, and c axes 
respectively. Let us consider the case in which the dipole moment lies in the a-axia (M* 0, 

My = Mz == 0). Then 

Rx/ = Mx J' cos OCx4'rNr"*dTT, 

Ry/ = Mx J' COS Px^rNr"*dTr, (I, 80) 

Rz/ = Mx f cos 'Yx'l'rNr'^'drr, 

where ocx, fix, yx are the angles of the a-axis with the fixed coordinate axes x/, ?//, 2 /. In order that 
the transition probability (that is R) be different from zero, at least one of the three integrands in 
(I, 80) must remain unchanged for all transformations of coordinates that transform the system into 
an indistinguishable one, that is for the three rotations Ca", C-i'*, and C‘f. For the operation Ca" the 
angles ocx, fix, yx remain unchanged. Therefore, in order that the integrands remain unchanged for 
this operation xp/ and xp/' must be both + or both — . For the operations (7/ and C-/ the rt-axis 
changes its direction into the opposite one and therefore cos a*, cos fix and cos yx. change sign. In 
order that the integrands remain unchanged for the operations and C-f the functions xp/ and xpp' 
must therefore have imlike symmetry with respect to these operations. Thus only for transitions 

-!-+<—> 1- and d <->■ can Rxf, Ryf, Rzf and therefore R be different from zero. Only these 

transitions have a non-zero transition probability. In a similar manner the selection rules for the 
other cases given above are obtained. 

Rigorous intensity formulae similar to those for linear and symmetric top molecules have been 
derived for asymmetric top molecules for J values up to ./ = 3 but not published by Dennison 
[quoted in (712)], They become exceedingly complicated for larger J values. The usual way [see 
Dennison (279) (712)] is to use the formulae for the “nearest” symmetric top, that is, in case of a 
strongly asymmetric top, for the levels of high t the prolate, for those of low r the oblate sym- 
metric top. This approximation is good for all those levels for which the K doubling is fairly small. 
As a general rule it may be said that large changes of r are less probable than small changes sinco 
in the limiting cases the former would correspond to changes in K of more than one unit which 
are forbidden. 

Very recently Cross, Hainor, and King (249a) have published extensive taljles of lino strengths 
based on the rigoi’ous formulae and extended up to = 12. From these tal>Ies it appears that the 
approximations referred to above must be used with caution. 

The only asymmetric top molecules whose infrared rotation spectra have been 
investigated in any detail up to the present time are liaO and D 2 O. Randall, 
Dennison, Ginsburg, and “Weber (712) and Fuson, Randall, and Dennison (343) have 
measured these spectra with great accuracy and very good resolution. Fig. 21 gives 
part of the observed H 2 O spectrum. It is seen that there are no obvious regularities. 
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On closer examination, however, several series of lines with regularly changing separa- 
tions can be found. Two of these which split into doublets at long wave lengths are 
indicated by O and X in Fig. 21. 

In the case of H 2 O the rotational constants A, B, and C in the ground state were 
known from the rotation-vibration spectrum (see Chapter IV), in the case of D 2 O 
they could be calculated from the former on the basis of the known masses and the 
assumption that the internuclear distances are the same as in H 2 O [see Fuson, 



Fig. 21. Part of the rotation spectrum of H 2 O vapor [after Randall, Dennison C;inHl)urK and 
Weber (712)]]. — The continuous curve represents the infra-red absorption, the small triangles al)()ve, 
the theoretical spectrum. The great intensity of absorption is indicated by the fact that it is entirely 
due to the small amount of H 2 O left in the spectroscope after thorough drying with 

Randall, and Dennison (343)]. Therefore in both cases the spectrum could bo ju-e- 
dicted on the basis of the energy formulae and the selection rules given above. Simu} 
it is also known from the rotation-vibration spectrum that the two-fold axis, which 
coincides with the direction of the permanent dipole moment, is the intermediate 
moment of inertia axis (6-axis), the selection rule (1,78) applies (see Fig. 20b). 
Comparing the spectrum predicted in this way with the observed, Randall, Dennison, 
Ginsburg, and Weber (712) were able to assign a great portion of the observed lines 
to specific rotational transitions. By slight adjustments of the position of the energy 
levels, that is, essentially, by taking account of centrifugal distortion, the agreement 
between calculated and observed lines could be made practically perfect and at the 
same time most of the residual lines assigned. In Fig. 21, above the observed spec- 
trum, the theoretical spectrum derived from the finally adopted energy levels is also 
shown, where the intensities, indicated by the area of the triangles, are also theoretical 
(.see above). It is seen that the agreement is exceedingly good. 
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A I'urtlier very exMcting test for the correctness of the assignments is supplied by 
certain combination relations. It can be seen from Fig. 20b that, for example, 

z/(4^_4 4—2) I' (4+4 — 4 + 2 ) = J'(4+2 3o) j'(4_2 3o) 

= F(4+2) - F(4_2). 

Similar relations hold for other pairs of levels of the same symmetry. The following 
is a numerical example from the H 2 O spectrum: 

v{1-^ - 6 _b) = 335.34 v(8-3 - I-j) = 420.10 

v(7-7 - 6-5) = 139.09 v(8_3 - 7-3) = 223.82 

F(7_3) - i^(7-7) = 196.25 F(7^3) - F(7_7) = 196.28 

Such an excellent agreement has been found for a large number of other pairs of 
levels, proving the correctness of the analysis. At the same time, by simply adding 
up the proper differences of energy levels the energy levels themselves can he determined. 

Of course, an analysis of the H2O and D2O rotation spectra would in principle also have been 
possible if the rotational constants had not been known. One could, for example, have started out 
from the two series of lines marked in Fi|J. 21. We have seen above that the two highest and two 
lowest energy levels of each J follow approximately the formulae (I, 07) and (I, 68) respectively Cor 
more accurately (I, 69) and (I, 70) T and that the doublet separation decreases rai)idly with increasing 
J. Therefore, for the corresponding transitions J + 1-^J (for example, 4+4 — 3+2, 4+3 — 8+3 and 
4_3 — 3-3, 4-4 — 3-2 in Fig. 20b) we have the approximate formulae 

J {vCC-f + l)+j'+i ~ J +^-1] 4“ v{_{J + l)+j — J } = A + ^ (B 4- <?) H- 2AJ 4- * • ", (I, 81) 

I {v[(/ 4- - J-r+il + vZ(J 4- l)-.r - J-rl} = C + UA + B) + 2CJ + - (I, 82) 

that is, wo have two scries of doublets, one with an approximately constant spacing 2A, the other 
with a spacing 2(7. The doublet splitting should decrease rapidly toward higher frequencies. This 
is exactly the characteristic of the two series marked in the spectrum Fig. 21. The separations of 
the two longest wave-length doublets in the two series are 54.0 and 18.8 cm~^ respectively. From 
these one would obtain the approximate A and C values 27.0 and 9.4 cm~‘ respectively. They agree, 
within the approximation of the formulae (I, 81) and (I, 82), with the accurate values 27.81 and 9.28 
respectively known from the rotation-vibration spectrum. If the latter had not been known one 
could have used the former values as an initial appi-oximation for calculating the energy levels. 
The rotational constant B would in that case have been obtained from the relation Ic == In 4- I A, 
which holds for every plane molecule (see, however, p. 461). 

According to the previous discussion, for H2O the -h-h and levels (which have even t) 

are symmetric, the H and — |- levels (which have odd t) are antisymmetric in the nuclei; that is, 

their statistical weights are in the ratio 1 : 3. Therefore in the two series of doublets discnissed here 
(see Fig. 19) altarnatelu thv, hioh- and the low-freximr-cy component should have three times the intensity 
of the other component. As far as the doublets are resolved it can bo seen from Fig. 21 that this 
intensity relation is strikingly fulfilled. 

The best way to derive the final values of the rotational constants A, B, C from the observed 
spectrum would appear to be by means of Mecke’s sum rules (Table 8), after those have been cor- 
rected for the influence of centrifugal stretching terms. It is not necessary to know all the energy 
levels; but it is easily x>OHHil>le on the basis of the sum rules to express certain sums of combination 
difforoncos in terms of the rotational constants. However, such a re-evaluation of the rotational 
constants from the far infrared spectrum has not as yet been carried out. 

Raman spectrum. Even for an asymmetric top molecule of the highest symmetry 
(F/0, and a fortiori for one of lower symmetry, the polarizability ellipsoid is in general 
not a sphere, and tlierefore in general an asyininetric top molecule has a rotational 
Raman spectrum. The selection rule for J is [see Placzek and Teller (701)] 


A,/ = 0, zfc 1, dh 2. 


(I, 83) 
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If the molecule has no symmetry, and consequently the axes of the polarizability 
ellipsoid do not coincide with those of the momental ellipsoid, transitions between 
levels of any of the symmetry types (++,+-,-+? occur. However, 

if the molecule has the symmetry C^v, D 2 , or Vh, the axes of the two ellipsoids do 
coincide and only levels of the same symmetry can combine with each other 

H — — h, ^ • (I) 

Even in this case the rotational Raman spectrum would be very complicated and such 
a case has not yet been analyzed or even resolved. The only case of an asymmetric 
top rotational Raman spectrum that has been studied in any detail is that of ethylene 
(C 2 H 4 ), which is almost a symmetric top [Lewis and Houston (576)]. Here the 
quantum number K is approximately defined, the selection rule AK - 0 holds ap- 
proximately, and corresponding lines with different K fall^ nearly together. This 
explains why an apparently simple S branch is observed on either side of the exciting 
line. R branches are not observed, apparently because of lack of intensity (compare 
the intensity of the R branches in the NH3 Raman spectrum, Fig. 14). An intensRy 
alternation does not occur, as can easily be understood from the previous discussion 
(p. 52f.) by going over to the limiting case B ^ C. The average distance of»suc- 
cessive lines in the two branches is found to be 3.68 cm""^, from which it follows [see 
formulae (1,45) and (1,65)] that + C) = 0.92o cm-\ that is, the^^^^verage 
moment of inertia about an axis perpendicular to the C- C axis is 30.4 X 10 gm cm 
(for a more accurate determination of this quantity, see Chapter IV, section ib). 



CHAPTER II 


VIBRATIONS, VIBRATIONAL ENERGY LEVELS, 

AND VIBRATIONAL EIGENFUNCTIONS 

Ie the preceding chapter we have considered the rotational motion of polyatomic 
molecules, assuming that no vibrational motion takes place at the same time, that 
is, that there are no periodic changes of the internuclear distances. In this chapter 
we shall consider the vibrational motion^ assuming that no rotation of the whole molecule 
takes place. As before, we assume that the molecule is in a fixed electronic state 
which does not change during the motion. 


1. Nature of Normal Vibrations: Classical Theory 

We discuss first the vibrational motion of a molecule as it would be according to 
classical mechanics. We shall see that in this way, as in the ease of diatomic mole- 
cules, we obtain a fair approximation to the wave mechanical treatment. The 
classical treatment has the advantage of being more easily visualized. 


Vibrational degrees of freedom. If we want to describe the motion of the nuclei 
in a polyatomic molecule we may choose the ordinary Cartesian coordinates Xk,yk, Zk 
of each nucleus k referred to a fixed coordinate system. Then, if there are N nuclei 
we need 3 A coordinates to describe their motion: there are 3 A degrees of freedom. 
However, if we want to study the vibrational motion of the system we are not 
interested in the translational motion of the system as a whole, which is described 
completely by the three coordinates of the center of mass (the three translational 
degrees of freedom). Therefore 3 A — 3 coordinates are sufficient to fix the relative 
positions of all A nuclei with respect to the center of mass. (The remaining three 
coordinates may be determined by the condition that the center of mass is at the 
origin, that is, Y^mkXk — 0, '^muyk = 0, YL'^kZk = 0). The motion relative to 
the center of mass still includes a rotation of the system. The rotation alone, that 
is, the orientation of the system (considered as rigid) in space, may be described in 
general by three coordinates (for example, the two angles with two coordinate axes 
that fix a certain direction in the molecule and the angle of rotation about that 
direction). Thus 3A — 6 coordinates are left for describing the relative motion of 
the nuclei with fixed orientation of the system as a whole,’’ that is, the vibrational 
motion; or in other words we have 3N — 6 vibrational degrees of freedom. However, 
for linear molecules two coordinates (for example the two angles of the internuclear 
axis with two of the coordinate axes) are sufficient to fix the orientation and there- 
fore we have /or linear molecules SN — 5 vibrational degrees of freedom. 


^ More Hpocifically, a fixed {)riont.ati<)n of tho system as a whole is given liy the condition that 
the nngnlur raoincntum is zero, that is, 


VI k 
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As a simple example, let us consider a triatomic molecule XYZ. If the molecule 
is not linear the relative position of the nuclei is given by the three internuclear 
distances, XY, YZ, XZ; that is, there are 3(== ZN — 6) vibrational degrees of free- 
dom. If the molecule is linear the relative position of the nuclei is given by two 
internuclear distances XY and YZ and two angles, the angle XYZ and the angle of 
the plane formed by XYZ in the displaced position against a fixed plane through the 
(undisplaced) internuclear axis; that is, we have 4(= ZN — 6) vibrational coordi- 
nates or degrees of freedom. 

As we shall see, the number of vibrational degrees of freedom gives the number 
of fundamental vibrational frequencies of the molecule, or in other words, the number 
of different "normal’’ modes of vibration. 

Vibrations of a mass suspended by an elastic bar. Imagine a heavy mass m to 
be suspended by a homogeneous elastic bar of rectangular cross section as shown in 
two views in Fig. 22a. If the mass is displaced slightly from its equilibrium position 
in the X direction and then left to itself it will carry out simple harmonic oscillations 
in this direction with a frequency 



where kx is the force constant in the x direction (— kxX = restoring force for dis- 
placement a:). If the mass is displaced in the y direction and released it will similarly 
carry out simple harmonic oscillations in the y direction with a frequency 



where ky is the force constant for the y direction. Unless the rectangular cross section 
of the bar degenerates into a square, Vx is different from Vy. If, however, the mass is 
displaced in a direction different from x or y, for example to A, it will not carry out 
a simple oscillation in the AOB plane but a very complicated type of motion, a 
so-called Lissajous motion, such as the one given in Fig. 22b. The reason for this is 
that the restoring force F whose components are — k^x and — kyy is not directed 
toward the origin (see Fig. 22a), since kx 9^ ky. However, the components x and y 
of the motion are simple harmonic, as before: 

X — xo cos 2xM, y — yo cos 2-ir»'„^, (II, I) 

where a^o, yo are the coordinates of the initial position at A. The complicated Lissa- 
jous motion (Fig. 22b) is the superposition of two simple harmonic m,otions (of different 
frequency) at right angles to each other. The simple motions into which tlie compli- 
cated motion can be resolved are the so-called normal vibrations or no, nuil modes of 
the mass, the x and y coordinates are the normal coordinates. 

If Vxlvy is irrational, there is no time after which the motion repeats itself. Rather, 
in the course of time, (assuming that there is no friction) the path of the mass will 
cover uniformly the whole rectangle whose diagonal is AOB (see Fig. 22b) . However, 
if Vxfvy is rational, after a certain time the path will go back into itself and a definite 
curve is obtained, such as the one in Fig. 22c, for Vxivy = 5/3 This curve is then 
retraced over and over again. 
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The resolution of any complicated Lissajous motion of the mass into two simple 
harmonic motions is unambiguous. There are only two directions through the equi- 
librium position of such a nature that the restoring force in them is directed toward 
the origin, namely the directions parallel to the sides of the rectangular cross section, 
which also represent the planes of symmetry of the cross section. If the cross section 
is not as symmetrical, for example, if it is a triangle with unequal sides, there are 
still, at least for small amplitudes, two and only two mutually perpendicular directions 
in which the restoring force has the direction toward the origin and in which, therefore, 
simple harmonic motion will take place. Only if the cross section has a higher sym- 
metry than that of a rectangle, for example, if it is a square, a hexagon, or a circle, 
is = Vy, and therefore a simple harmonic motion may take place with the same 
frequency in any direction through the origin. 

If the mass is excited to forced oscillations by a periodic force of frequency Vf, 
resonance will occur, that is, the amplitude of the forced oscillations will be very 
large, when vj — Vx and when Vf — Vy. In the first case the oscillation will take place 
only in the a:-direction, in the second case only in the ^/-direction irrespective of the 
direction of the force. But, of course, the periodic force must have a non-zero 
component in the direction of the normal vibration to be excited. 

Vibrations of the nuclei in a molecular model. Let us now consider the motion 
of a nucleus in a molecular model in which the nuclei are represented by heavy balls 
and the forces acting between them by appropriate springs. For example, consider 



i 


z 

Fig. 23. Model of an XYZo molecule. 

the plane molecule XYZ 2 (Fig. 23). There are strong restoring forces between X 
and Y and between Z and Y and weaker forces between X and Z and between the 
two Z nuclei indicated by strong and weaker springs respectively. Let us assume 
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for a moment that the group YZ2 is rigidly fixed and that only X can move. Then 
the forces acting on X if it is displaced from its equilibrium are quite similar to those 
acting on the mass suspended by an elastic bar considered before. If X is displaced 
in a direction parallel to Z — Z or in a direction perpendicular to the YZg plane, it 



Fig, 24. Normal vibrations of an XYZ 2 molecule and their behavior for a reflection at the plane 
of symmetry through XY perpendicular to the plane of the molecule. — Motions perpendicular to the 
plane of the paper are indicated by -I- or — signs in the circles representing the particular nuclei. 
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will carry out simple hmmouic 

In addition we tuay also drsp ace the nucl^^^^ 

simple harmome motion of frequency ^ ^ e-eneral in space, not in a 

a complicated Lissajous motion resu s w m harmonic motions {normal 

plane, and which can be reso ved into of the three 

^braiions) of appropriate amplitudes and phases in the directions 

coordinate axes. „„ . -p.:^ f which would never 

However, if we now drop the Joed cause a dis- 

be fulfilled in an actual molecule), then if X is displaced inimai y 




(a) 


(b) 



Fig. 25. Normal vibrations ot bent and linear XYa (schematic). 


1 + ruf V which in its turn will cause a displacement of the Z’s. Therefore X 

placement of Y which . , possibly the simple harmonic motion) 

will not carry out the S^ L^IOUS^ ^ '‘"'1 

Sie'z'^ vlt ilu th^pakicles are simultaneously displaced in a cortam way .im 

thL relc Jet much simpler motions, normal mtrafrons, arise again, which, snml.u 

1 4.^ xriKT-fttion in the case of the elastic bar, but for the 

^ There is, of course, those of the other normal vibrations and it is usually 

bar its frequency is very much larger rqan v. 

not considered. 
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to the single-particle case, are characterized by the fact that each particle carries out 
a sunple harmonic motion and that all particles have the same frequency of oscillation 
and, in general, move in phase. For example, if the four nuclei are displaced to the 
respective end points of the solid arrows in Fig. 24a and then released, each one will 
simply move back and forth about its equilibrium position with the same frequency 
a,s all the others, in such a way that after each period the same positions are occupied. 
The same applies with different frequencies when the initial displacements are as 
given in Pig. 24b, c, d, e, and f. How these special initial displacements can be 
found will be taken up in detail later. It may be noted that the relative lengths of 
the arrows give also the relative velocities and the amplitudes of the individual nuclei. 
They have to be chosen in such a way that there is no resultant translation or rotation 
of the molecule as a whole. 

It will be shown later that the extremely complicated motion described above, 
which arises if one particle is first given a blow and then the system left to itself, or 
any othar motion of the system can be represented as a superposition of a number of 
these normal vibrations. There are always as many different normal vibrations as there 
are vibrational degrees offfreedom, that is, SN - 6 ov SN - 5 respectively. Hence a 
molecule XYZ 2 has six normal vibrations (Fig. 24). Fig. 25a and b represent ^ a 
further example the normal vibrations of bent and linear XY 2 molecules. e 
second vibration of the latter may occur with equal frequency both in the plane of 
the paper and perpendicular to it. It is doubly degenerate like the normal vibrations 
of an elastic bar with square or circular cross section (see above). 

Mathematical formulation.® For any particle i carrying out a simple harmonic 
motion of frequency v the displacement Si is given by 

Si = Si^ cos (2Trvt -V <p), 


where is the amplitude, t the time, and <p a phase constant. From (II, 2) follows, 
for the acceleration, 

^ til ^ _ 47rV2s.£® cos Clirvt -f <p) = - (II, 3) 

de 

ThonAove we have, for the restoring force under whose action the simple harmonic 
is carried out, p, ^ ^ (11,4) 

a e«rt.»n force on every '^rrMe say particle 1. is displaced from its 

<M 1 a Ki ven particle m scro. li the ’ direction of the three 

e„„ilibri..m position by a distance .Moh depends 

fixed coordinate axes are x\, yi, i, most eieneral case the components 

„„ the cnipmients “f/— din^^ 

"/ dSa— fs^X.":., omy th^’e unear terms need be considered 

Wc are following here the treatment given by Teller (836). 
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and one has 

F ~ J^xx^l J^xvi/l 

F “ kyx^X ^vvyx ^yz^lj 

F — ■“ kzx^X ^zyVx ^zz^l, 

where the kll, kH, • • • are force constants. The negative signs are used since 
Fx^y Fy^, F^ for positive xi, 2/i, Zi are in general directed in the negative x-, y-, «- 
direction respectively. 

Equations (II, 6) are valid only if all particles except particle 1 remain in their 
equilibrium positions. If the other particles are displaced as well, the restoring 
force acting on particle 1 will be changed somewhat. For small displacements 
it will again be a linear function of these other displacements, so that we 
obtain: 

Fx^ — — k]^xx — k]^yx — k]^zx — k^x^, kxyy^ kxzZ2 • * • kxz zn , 

F — — k]^xx — ky^yx — kyzZx — kyxX^2. kyyyz kyzZ^ * ■ • kyz zat , (II, 6) 

F ^ = — k^M>^X — kzyPx — AjzaZi — kzaP^z kzyP'i kzzZ2 • • • kzz Zat. 


Similar equations are obtained for the forces acting on the other particles 


Fx^ 

Fy^ 

f:- 


= - kllxx - kllyx - kfzZi - kllx^ 

= kyxXx kyy'yx kyzZX kyzpC% 

= — kzxXx — kzyPx kzzZx kzx^2 


— kxvV^ — klizz — • • • — kxzZN-, 

7 22 7 22 7 'iN 

7 

1 22 7 22 7 

• • • A /32 } 


(II, 7) 


Fz^ == 




kfzy y2 f^zz ^2 


N2^ 


; ATiV 
f^zz 


Here it must be realized that the Xi, yt, Zi are not simply the coordinates of particle 
i but the displacement coordinates, or in other words, the coordinates of particle i 
with respect to a coordinate system whose origin is at the equilibrium position of 
particle i and which is therefore different for different particles. The direction of 
the Xi-, yi-, Zi-axes is usually but not necessarily the same for all particles i. 
The coefficients kly determine how the a;-component of the force on the zth particle 
depends on the y component of the displacement of the Zth particle. It can be shown 
(see Teller, loc. cit., p. 91) that 

kil = k^ (II, 8) 

which holds for any i and I and where x or y may be any one of x, y, or z. 

If we want to find out whether there are any normal vibrations of the type de- 
scribed above in the system under consideration, that is, motions in which all par- 
ticles move with the same frequency according to simple harmonic motion, we have 
to see whether the above condition (II, 4) for simple harmonic motion can be fulfilled 
simultaneously for all particles urith the same frequency; that is, we try to put 

Fx^ = — 4Tr^v^miXi, Fy^ = — 47r'^j/^m,-7/,-, = — 47r'^v^m,Zi. (II, 9) 
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Substituting this into (II, 6) and (II, 7) we obtain 

4cTr^v^miXi = Tcllxi + kllyi + kllzi + kllx^ + 

4t2j/2oti2/i = kllcx -t- kllyi + kllzi A- kllx^, +• 

A'rAi^nixZx — kzx^i “h kx^yi -I- kzzZ\ ~1~ kzx^i “h 

4t^j^w.23:2 — kxx^x "f" kxv'yi "h kxzZ\ kxx^% d" 


+ k^ZNt 
+ ky^ZN, 
d“ k\^ZNy 
+ kt^ZN, 


( 11 , 10 ) 


4,TAiArnNZN = k^x^x -A kzyyx A k^^zx +- kgxX^ 4- 


JVl. 




• iV2_ 


’ iVJV. 


- -{- kzz Zn. 


This system of linear and homogeneous equations for a;i, yi, Zxj Xzy y^, 22 , * • * zw 
cannot be solved for arbitrary values of the coefficients occurring therein but, as 
shown by the theory of linear algebraic equations, only if the determinant of the 
coefficients is equal to zero. Since the force constants kli &re fixed for a given system 
the only way to fulfill this condition is by a suitable choice of the frequency p. Thus 
for certain frequencies defined by the condition 



^xy 

kll 



hll 

— 47rVrni 

kll 

^yx 



/.u 


kU 


;,2l 

/,2l 


— 4Tr^v^m*i • - • 

;2V 

uNl 

^zx 






= 0. (II, 11) 


a simultaneous simple harmonic motion of all particles is possible. The determinant 
is of the SZ/th degree and therefore has 3iV roots. Thus in principle the frequencies 
of the normal vibrations may be determined. 

The form of any one of the normal vibrations may tlien be obtained by substituting 
the corresponding value of p into the set of equations (II, 10) and solving for xiy z/i, 
zi, ^^ 2 , 2 / 2 , Z 2 , ■ • • zv. Of course, since these equations are homogeneous only the 
ratios of the xi, yi, zi, xa, 2 / 2 , Z 2 , • • * zv can be determined. The ratio Xi : 1/1 : zi : 

■ V'i ' z-i ’ • • • : zat is independent of the time for a given v and gives, therefore, also 
the ratio of the components of the amplitudes of the different particles. It also 
gives the ratio of the velocities at any instant. 

A closer examination of the detenninantal equation (II, 11), taking account of 
(II, 8), shows that it has five or six roots that are equal to zero, depending on whether 
the system (in its equilibrium position) is linear or not. They correspond to non- 
genuine normal vibrations in which simply a translation along any one of the three 
coordinate axes takes place, or a rotation about two or three suitable axes. Since 
there is no restoring force for these motions, the “vibrational” frequency is zero.'* 
It can be shown further that all the other SA/" — 5 or 3N — 6 roots are different from 
zero and real [^see Whittaker (25)]. Thus we have 3N — 5 or 3N — 6 genuine normal 
vibrations in agreement with the previous discussion of vibrational degrees of 
freedom. 

'• They are therefore also called null-vibrations. The zero “vibrational” frequency has, of 
(jourae, nothing to do with the rotational frequency which does not depend on the restoring forces 
for small displacements. 
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INTornial coordinates, orthogonality of normal vibrations. 

2/2^^^, xz^^\ • • • Zn^'^P 

Si®, a:2®, 2/2®, 2^2®, X3®, • • • 


Let us denote by 

( 11 , 12 ) 


















the displacement coordinates at a certain moment belonging to the first, second, 
• • • 3iV"th normal vibration of frequency vx, *' 2 , * • * vzn respectively. As mentioned 
above, these displacement coordinates are determined by (II, 10) only apart from 
an arbitrary factor. According to a simple theorem about homogeneous linear equa- 
tions the ratio of the displacement coordinates Xx^^^, 2 /i^*^ xp-^^, • • • zn^'^'^ is equal to 

the ratio of the minors of any one row of the determinant (II, 11) in which Vi has been 



Fig. 26- Arbitrary displacement of an XY 2 molecule in terms of normal coordinates. 

substituted for v. If only one normal vibration, say i, takes place, the displacements 
Xx, 2 / 1 , 2i, x%j 2 / 2 , 32, • ■ ' 3v of the particles oscillate in such a way that their ratio 
remains always equal to that of 2 / 1 ^*^ • • • zn^^\ the factor of proi^ortionality 

changing as a sine or cosine function with frequency v*-: 

ii = if cos {2Trvit -f <pi). (II, 13) 

The ii are called normal coordinates. 

If several normal vibrations are taking place at the same time we have 

Xx = + a;i®^2 + xx^^^is 

2/1 = + 2/1® ?2 + 2/1^*^ ^3 + ■ - • + 

Zx = 2!l®^l 4- 2 i®^2 + 

X2 = a:2®^i -1- a;2®?2 + 2 : 2 ® ^3 H- •'C2^*'^^$3.v 

Z.v = + 3W®^2 4* 4- • • • 4- 


(II, 14) 
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ConverBely, since these 3N equations if solved for ^ 2 , ^3 * • • have one and only- 
one solution, any vibrational displacement of the system may he expressed in terms of 
normal coordinates ^ 1 , ^ 2 , ^3 • • • instead of in Cartesian coordinates. For example, 
the displacement of an XY 2 molecule indicated by heavy arrows in Fig. 26 may be 
represented by adding 1.2 times the displacements of vibration vi in Fig. 25a, 0.4 
times the displacements of vz and 0.7 times the displacements of vz. The factors 1.2 
0.4, 0.7 are here the values of the normal coordinates ^2, and If xi, 2/1, zx, 

^ 2 , ?/ 2 , Z 2 ' " zn are the initial displacements the subsequent motion is determined 
by (II, 13) and (II, 14), that is, any vibrational motion of the system may he represented 
as a superposition of normal vibrations with suitable amplitudes. 

In the example Fig. 26, if the heavy arrows indicate the initial displacements 
(assuming that the initial velocities are zero), the subsequent Lissajous motion of 
each particle can be obtained by letting each component normal coordinate change 
periodically with its characteristic frequency and with the amplitude given. If the 
initial velocities are not zero, the initial values of the normal coordinates are not the 
maximum values, since the <pi in (II, 13) are then not zero. Their values can be 
obtained from the differentiated equations (II, 13) and (II, 14). 

In the case of the elastic bar the normal vibrations are always perpendicular to 
one another no matter whether the cross section is a rectangle or not. A somewhat 
similar relation holds for the normal vibrations of a polyatomic molecule although 
the displacements of one and the same atom in two different normal vibrations need 
not be perpendicular to each other. (Compare Fig. 24 and 25.) If Vk and vi are 
the frequencies of two normal vibrations we have, from (II, 10): 


Air^vVmxXx^’^^ — + hllyx^'^^ + - * • 

AT^vif mi:yx^’'^ = klxXx^'^'^ + kllyx^'^'^ -f . . . 

4Trv/fmiZi^'‘^^ = + kllyx^^^ -p . . . 


Xx^^^ 

2/,(0 


(11, 15) 


and 


47r^j'rmia:i^^^ = klixx^^^ H- 
ATT-vrmiyx^'’'^ = k\]-xx^^'^ + + . . . 

AT^vhnxZx^^'^ = kllxx^'-'^ + klyyi^^'^ 4 - • • ■ 
4'7r^i'z^m2:C2^^^ = IcHxx^''^ kxyyi^^^ 4. . . . 


xi 


(A) 


yi 

zi 


CA) 

(A) 


072 


CA) 


(11, 16) 


If we multiply tlie individual equations by the displacements indicated on the right, 
ad<l the resulting equations (II, 15), and subtract from the sum all the resulting 
e<piations (II, 16), tlie right-hand sides will cancel and we obtain. 


47r(*;.^ - kz^)CE 




+ z 






0. (11, 17) 


'riu’i < liflplaoomont is ono in which no motion of the center of maaa and no rotation iibout it 
tiilnsa pliice. Therefore, normal coordiiiatoa corresponding to non-goruiincb vibrations need not 

l>c considered* 
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Therefore, if the two normal vibrations have different frequency we have 

S = 0, (II, 18) 

i 

where we have to sum. over all particles. (II, 18) is the retoion of orthogonality. 
Two normal vibrations of different frequencies are orthogonal to each other. It is easily 
seen that (II, 18) is fulfilled when all displacement vectors of the two normal vibra- 
tions are mutually perpendicular to one another. But (II, 18) does not require them 
to be perpendicular. 

By the equations (II, 10), only the ratios of the amplitudes of the individual 
particles for a given normal vibration are defined. It is sometimes convenient to 
choose their actual magnitude in such a way that the expression 

Mk = E rrnixf^^^ -h yP^'^ + (11, 19) 

, i 

is the same for all normal vibrations Vk. The normal vibrations are then said to be 
normalized. M*. is the expression in the bracket in (II, 17) if A: == Z. It is of course 
not equal to zero. 

If we apply the relation of orthogonality (II, 18) to a genuine normal vibration and the non- 
genuine normal vibration consisting of a translation in the a;-direction = xa^b = 

— . . . — 0, ziO) = 2^(0 = . . . = 0) , we obtain 

2 = 0 , 

% 

and therefore 

2 TO,,:Xi<*=) = 0. (II, 20) 

i 

This equation means that there is no displacement of the center of mass in the x diroetion (and Hiniilarly 
in the y and z direction) for any genuine normal vibration, a result that, of course, also follows from 
the fact that there arc no external forces acting on the system. In a similar manner it can he shown 
that in a genuine normal vibration (if it is not degenerate), there is no resultant angular momenluni 
of the system. 


Potential energy arid kinetic energy. The normal vibrations and normal coordi- 
nates of a molecule can also be introduced by using, instead of Newton’s sec^ond law 
(force = mass X acceleration), the law of conservation of energy (total energy 
= kinetic -f- potential energy). This is the method most frequently used in actual 
calculations. 

Considering that the force is the negative derivative of the potential energy with 
respect to the displacement, the potential energy for a simple harmonic oscillator is 
found from (II, 4) to be 


where 


Vi 


*> O *> 17 *> 

2Tr“Vi“miSr — ikiSr, 


( 11 , 21 ) 


ki — 47rVi“wi 


(II, 22) 


is the force constant. The potential energy is taken to be zero at the equilibri\im 
position Si = 0. The kinetic energy is 


Ti = 

where Si as usual stands for dsifdt. The total energy is therefore 

II i = T, H~ Ti = -h mis^). 


(II, 23) 
(II, 24) 



NATURE OF NORMAL VIBRATIONS 


73 


II, 1 


The potential energy of the nuclei in the molecule referred to the equilibrium position 
as F = 0 is given in first approximation, that is, as long as the displacements are 
sufficiently small, by 

V = I Z) {kiixiXj + klyy flji + hliziz/) + Z (kllx^yj + klixiZj + kliyizf). (II, 25 ) 


This can be easily verified by forming 


which according 


dxi ’ dx2 ’ dyx ’ dy^ ’ 

to the definition of the potential energy must be equal to — — FJ 

— Fy^ • • * respectively ^compare equations (II, 6) and (II, 7 ) 3 * In order to facilitate 
writing let us denote the coordinates xi, yx, Zx, yi, Z2 • • • by qx, ga, qz, q^, qz, Se • * • 
in this order. Then the potential energy may be written (with k ij ^j'i) 


F ^ 
^ y y 


V I 22 ~ hx^qiq^ + k\zq\qz + • • (II, 26 ) 

IT 

This holds, as long as the displacements are small compared to the internuclear 
distances, even if qx, 92, qz • • ’ are displacement coordinates other than those chosen 
above. In the present case 

ftu = kll, k„ = kll, ■■■ kit = kll, ■ ■ . (II, 27 ) 

The kinetic energy is given by 

T = D + in‘ + 2.-"), (11, 28 ) 

% 

or, with the new notiition, 

r = 1 S biMh (II, 29 ) 

ii 

where in the present case 

hij — 0 for i 9^ j, and &11 = 622 = Ihz == mx, ?>44 = 5b 5 = &66 = wi2, • • • (II, 30 ) 


When the qi are not simply Cartesian coordinates, bn is in general different from zero 
also for i 9^ j, but (II, 29 ) still holds. 

Let us now introduce new coordinates 171, 772 ■ 173V by means of the linear 

equations: 

£Xi =](/! = Cl)77l + Ci2772 4 - Ci3T73 + ’ ' ' 

Cl/1 =3^/2 = C2I77i + C 22752 + 0»zVZ + • • • 


C^Si == 3^3 ~ C31771 + C32772 Hh <^33773 -f- ■ • • 


(II, 31 ) 


q-i = C,i77i H- C;2772 + Cinris 4 - • ‘ . 


The theory of quadratic forms (see ( 25 )) shows that by appropriate choice of the 
coefficients cik of this linear transformation we can bring simultaneously both V and 
T to a simpler form in terms of the new coordinates, namely, to 

V ~ |(Xi77i^ + X2772^ 4. . . . -j- \ir}? -p . . . 4. XavT/lv), 

T — 2(771^ + ^2^ + • • ■ + 4 - • ■ • 4 " 17 3 v)- 


(II, 32 ) 
(II, 33 ) 
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The \i in (II, 32) can be shown to be the roots of the determinantal equation which 
is also called the secular equation of the problem: 


*11 

- 6ixX 

lb 12 

— 612X 

*13 

hn 

— 52iX 

kn 

— • fcs'iX 

kfi 

hi 

- bn\ 

kiz 

— fe32X 

*33 


613X 

623X 


0. 


(II, 34) 


where the hj and ha are from (II, 26) and (II, 29) respectively. 


■ The total energy is now 

, = T -f T = + Vi^) + l(X2'>?2^ + m^) 4- • ■ (II, 35) 

that is, it is the sum of SN mutually independent terms each of which has the form 
of the total energy of a simple harmonic oscillator (II, 24) of mass 1. That is, the 
motion of the system of N particles may^ be considered as a superposition of SN 
independent simple harmonic motions in the new coordinates 

rji = 'rjf* cos (2Trvit A- <Pi), (11,36) 

where the frequencies Vi are, according to (II, 21), (II, 22), and (II, 32), related to 
the constants \i by 

X.- = 47rW. (11,37) 


In the present case if we substitute (II, 27) and (II, 30) into (II, 34) we obtain as 
equation for the X/s: 


— mik 


fvxZ 

l^xx * • * 

^xz 

JCyx 

'k/yy 

n,yz 

fijyx 

•Cyz 

1.11 

li'ZX 

7.11 

kll — miK 

t^zx 

. liV 
^zz 

7.21 

1C XX 

7 5^1 
lOxy 

7.21 

^XZ 

kxx ^'2X • 

^xz 

* • it 

fVzX 

« • » 

7.^1 

Hjzv 

♦ • * • 


J NN' \ 

fCzz 711 jvn 


It is seen that this equation is identical with (II, 11) if we take account of (II, 37). 
Thus, as was to be expected, both methods lead to the same fretiuencies for tlie simple 
harmonic oscillations (normal vibrations) as wliose superi)osition any vilirational 
motion may be considered. 

The form of a given normal vibration, say is olitained by putting all otlier r//s 
in (II, 31) equal to zero. One obtains 


II 

II 

2l(/) = CsjVj, 

- C43V3, 

= CSiT?;, 

li 


(II, 39) 


that is, considering (11,36), all displacement coordinates vary with the same fre- 
quency Vj. The ratios of the displacement coordinates cij-.c-if.c-if.- • • (winch is all 
that matters) are the same as obtained by the first method (p. 69f.) since it (;an be 
shown that ci,, cg,-, Cg/, - • • are in the ratio of the minors of any one row of the de- 
terminant (II, 34) or (II, 38) with X == Xy just as were the previous displacement 
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coordinates. Thus the normal coordinates -rji introduced by (II, 31) are essentially 
the same as the 0, introduced by (II, 14) except for constant factors. It is easily 
seen by substituting (II, 14) into (II, 28), taking account of (II, 18) and (II, 19), 
and comparing with (II, 33) that the would be identical with the rji if all M* were 
put equal to 1, that is, the normal coordinates iji are normalized to unity. 

Degenerate vibrations, generalization of the definition of a normal vibration. It 
may happen that two (or more) roots of the determinantal equation (II, 11) ^or 
(II, 34) or (II, 38)] coincide, that is, that two (or more) normal vibrations have the 
same frequency. The two (or more) vibrations are then called degenerate with one 
another.' There are then two (or more) sets of solutions of (II, 10) for the degenerate 
frequency, say *• ■ and 

• • • • Because of the homogeneity of the equations (II, 10) any linear combina- 
tion H- ayi^'-^ + byx^'‘\ • • • with any values of the constants a and b is 

also a solution of (II, 10) for the same frequency. The corresponding motion (unlike 
the motion resulting from the composition of two normal vibrations of different fre- 
quencies) is again a simple motion 
since all atoms move with the same 
freciuency, and may also be called 
a normal vil)ration. Thus we have 
really an inlinite number of dif- 
ferent simple vibrjitional motions 
for the same frequemey which, how- 
ever, can be represented as a super- 
position of t\vo (or more, if the 
degeneracy is higher than two-fold) 
linearly independent vibrations. 

A good example is supplied by 
the ehistic bar discussed above if 
its cross section is a sciuare (or a 
circle), since then its two normal vi- 
brations have the same frequency. 

Consequently the mass suspended 
by the bar may carry out a simple 
harmonic vibration with the same 
fre<iuency in any direction through 
the equilibrium i)osition. If the 
two ‘'original" simple harmonic 
motions are superimposed with dif- 
ferent pluise, a motion of the mass 
on an ellipse (or circle if the phase 
shift is 90® and the ami)litudes of 
the two component motions are the same) will result (see Fig. 22d), and this ellipse 
will be traversed with the frequency of the degenerate vibration. 

Similarly, in the molecule we may superimpose the two components of a degener- 
ate vibration with different phase and obtain again a simple motion of the same fre- 
quency in which, however, not all atoms move in phase and in straight lines although 
they do move with the same freciuency. For examiile, if we superimpose the two 




Put. 27. Non-linear motion, in degenerate vibra- 
tions (vibrational angular momentum), (a) For linear 
XYa (oblique projection), (b) For Xs assuming an 
equQateral triangle as equilibrium configuration.— 
The heavy arrows indicate the resultant motion of the 
nuclei, tho light (continuous and broken) arrows the 
component motions which have a phase shift of 90°. 
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perpendicular vibrations v^a and vzb of a linear XYa molecule (Fig. 25b) with a phase 
shift of 90°, each atom will swing around the axis in a circle as indicated in Fig. 27a, 
giving rise to a (constant) vibrational angular momentum about the axis. Conversely, 
by superimposing this motion and the opposite one, v<ia or vth or any other linear 
perpendicular vibration can be obtained. As a second example. Fig. 27b gives the 
superposition of two mutually degenerate vibrations of an X3 molecule (forming an 
equilateral triangle) with a phase difference of 90°. Again each nucleus traverses a 
circle in the same sense, giving rise to a vibrational angular momentum; but here the 
internuclear distances do not remain constant during the “vibration.” For phase 
differences other than 90° elliptical motions are obtained (see Fig. 22d). 

In order to include such motions under the term “normal vibrations,” it is neces- 
sary in the definition of a normal vibration to drop the condition that all atoms move 
in phase and in straight lines and go through their equilibrium positions at the same 
time. It is sufficient to state that in a normal vibration all atoms move with the same 
frequency in such a way that the Cartesian components of the displacements change 
according to sine curves. 

Examples of the solution of the above equations for specific cases will be given 
in section 4. 


2. Vibrational Energy Levels and Eigenfunctions 

General. The Schrodinger equation of a system of N particles of coordinates a:,, 
y,:, Zi and masses mi is [see (I, 13) of Molecular Spectra I] 


1 / dhp 

2 — ( r^ + 

i mi \ dxf dyf 


H- 


dz^) 


Stt^ 

+ (F? - F)^ = 0, 


(11, 40) 


where 1/' is the wave function, E the total energy, and V the potential energy. For 
V we have to substitute the expression (II, 25), in which it is assumed that the 
displacements are small. Here again the solution is greatly simplified if we introduce 
normal coordinates by means of the equations (II, 31) (using ^1, $2 • • • instead of 
Vi, Vi It may be shown [see Pauling and Wilson (18)] that (II, 40) then goes 

over into 


ay 




ay 


+ HE — 2(^1^!^ + -f- • • • -j- Xsv^av)]!^ 


(11,41) 


where the Xi are the roots of the secular equation (II, 34) or (II, 38). It is now 
possible to separate tlie variables in equation (II, 41) by means of the substitution 

'P — ••• ’/'3v(^3v). (II, 42) 

If at the same time we divide the whole equation (II, 41) by \p, we obtain 


1 dVi 1 

'll ^p-i 


+ 


1 dV3V 


'PsN 

+ ^\:E - + X2^22 + 


+ XsAA^ijAf)] = 0. (II, 43) 
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This equation may be resolved into a sum of SN equations: 

(II, 44) 
(II, 45) 

The equation (II, 44) is the wave equation of a single simple harmonic oscillator of 
potential energy and mass 1 whose coordinate is the normal coordinate 

Csee equation (III, 28) of Molecular Spectra I]. Thus in wave mechanics as in 
classical mechanics the vibrational motion of the molecule may he considered, in a first 
good approximation, as a superposition of BN simple harmonic motions in the BN 
normal coordinates. 

Energy levels. The eigenvalues of equation (II, 44), that is, the energy values of 
the harmonic oscillator i, are given by 

Ei = hviivi + §), Vi = 0, 1, 2 - • • (II, 46) 

where 

= ;r ^ 01, 47) 

27r 

is the classical oscillation frequency of the normal vibration i, and Vi is the vibrational 
quantum number. Therefore, according to equation (II, 45), the total vibrational 
energy of the system can assume only the values 

E{vi, V'l, Vzt • ■ •) = hviipx + s) + hv2(v2 + - 2 ) + hvzivz + - 2 ) + • ■ (II, 48) 

or, if we go over to the term values, 

(11,49) 
(II, 50) 

This designation is in agreement with the nomenclature accepted for diatomic mole- 
cules but is not always followed by writers on polyatomic molecules. The on are 
the (classical) vibrational frequencies measured in cm~^ units. It is thus seen that 
by solving the classical vibration problem, that is, determining the classical vibration 
frequencies Vi from the secular equation (II, 34) or (II, 38), the quantum theoretical 
energy values are immediately found. 

In (II, 45), (II, 48), and (II, 49), the non~genuine vibrations (translations and 
rotations) are still included. However, since for them r == 0, they do not give a 
contribution to the vibrational energy and we shall therefore in future disregard 
them and consider in (II, 49) the summation over the BN — 6 or BN — 5 genuine 
normal vibrations only. 

Part of the energy level diagram for the simplest case of three genuine normal 
vibrations (triatomic molecules) is represented in Fig. 28. It consists of a large 
number of (overlapping) series of equidistant levels: one series with spacing oi corre- 


G(Vx, V2, vz, • - • ) 


Here we have put 


E(vi, Vi, 1% • • •) 


== COl(?U + a) 4" 032(02 + 2 ) H~ 03 z(V 3 + 2) + 


Vl V2 

coi = , a )2 == ,033 


with 


1 dVi 


E = El “f" E2 Ezn* 
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spoiiding to various values of vx for Wa =? 0, ~ 0, one series witfi spacing co2 

corresponding to various values of for vx = 0, Ws = 0, one series with spacing <03 
corresponding to various values of vz for vx == 0, wa — Oj in addition, further vx series 
occur with other (all possible) fixed values of va and vz (for example V‘2 = 1 , ^^3 ~ ^)j 
further vn series with other fixed and ws values, and further vz series with other fixed vi 
and V2 values. Only some of these different series of levels could be drawn in Fig. 28 . 
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Fig. 28. Vibrational energy level diagram of a triatomic molecule. — Homo levels ocjcur in. 
several of the aeries of levels shown. On all but one of these occurroncies they are indicated 
by broken lines. 


It is thus seen that the vibrational energy-level diagram even of a triatomic molecule 
and even assuming harmonic oscillations is much more complicated tlian tliat of a 
diatomic molecule. In a molecule having more than three atoms tliere are corre- 
spondingly more series of energy levels. 

According to (II, 48 ), for == 0, t;2 = 0 , U3 = 0 , ■ ■ • , that is, in the lowest possible 
state, the vibrational energy is not zero but we have a zero-point vibrational energy: 

G(0, 0, 0 • • •) == 2^1 “h 1*^2 H~ * * *- (H> 51) 

For a molecule with several atoms this zero-point energy may have quite a consider- 
able magnitude. Frequently it is convenient to refer the vibrational energy to the 
lowest possible state as zero (as for diatomic molecules). For this we have 

Gq{Vx, V 2 , Vz, • • •) = G(vi, V 2 , Vz, • ' ■) — Cr(0, 0, 0, • • - ) 

= Cx3xVi CO2W2 + 03zVz + ' • • • (IIj 52 ) 


Eigenfunctions. The eigenfunctions of equation (II, 44 ) are the ordinary 
harmonic oscillator eigenfunctions as pictured by the broken curves in Fig. 29 (which 
is identical with Fig. 41 of Molecular Spectra I) where the abscissa apart from a con- 
stant factor is the normal coordinate The mathematical form of the function is 
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wliere is a normalization constant, Ui = 2irvilh, and is a so-called 

Hermite polynoyniaL of the y^th degree. The full curves in Fig. 29 give 
which is proportional to the probability of finding the oscillator with coordinate 
The total vibrational eigenfunction, ac- 
cording to (II, 42), is the product of ZN — 6 


or SN — 5 harmonic oscillator functions 
(II, 53). It is not very easy to visualize 
this function. It should be understood 
that it is a function in the SN — 6- (or 
3A^ — 5)-dimensional space of the ZN — 6 
(or 3 A*" — 5) normal coordinates, which are 
not simply the displacements of the indi- 
vidual atoms. In order to get ^ in terms 
of the Car-tesian coordinates of the dis- 
placamuMits one would have to express the 
in terms of the Cartesian coordinates from 
(11, 14) and substitute into (II, 42) and (II, 
53). Even then the rather more compli- 
cated function obtained is in a 3iV-dimen- 
sioual space. 

Ijct us inquire into the dependence of ^ 
<)n the disy)lacements of one particular atom 
if only one normal vibration is excited, for 
exaiuidc in Fig/ 24. The eigenfunction is 
then given by 

If, for a monuuit, we neglect the zero-point 
motion of all the other normal vibrations, 
that is, if we i)Ut I2 = 0, ^3 == 0, - * •, we 
have ^ = ’/'i(Si); since in this case, 

a,ccording to (II, 14), the disi)laccment com- 
l)onents of all atoms are X)ro]>ortional to $1, 
the (iigenfimction as a function of every 
one of the displacement components has 
tlie same course as given in Fig. 29 except 
for an ai)propriate cliange of scale of the 
abscissa, axis. The i)rol)al>ility density of a 
I)articular atom woidd corresi)ondingly be 
rlifferc.nt from zero only along the line of 
classical motion of tlio atom and would 




Fig. 29. Eigenfunctions and probability 
distributions of the harmonic oscillator for 
Vi — 0, 1, 2, 3, 4, and 10. — The eigenfunctions 
are represented by the broken line curves, 
the probability distxTbutions by the full line 
curves. All curves are drawn to the same 
scale. The vibrational frequency has been 
assumed to bo 1000 The abscissa is 

Iiroportional to the normal coordinate It 
is the actual displacement from the equi- 
librium position ia a diatomic molecule of 
reduced mass 10, ^ 


vary in this line ac(H>rding to the full curves of Fig. 29 with an ai)propriate abscissa 
scale, llowevor, actually wc can never neglect the zero-point motion of the other 
vibrations; that is, ^2, ^3, • • - sire different from zero even if ^2 = W3 == • • • =0. In 
this case (II, 54) does not simplify to (II, 53), and (II, 14) does in general not lead 
to sueli simple exx)ressions for the fi. The general consequence of this is that the 
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probability of finding a particular atom outside the line corresponding to the classical 
motion is not zero but decreases in any direction perpendicular to this line according 
to a function somewhat like the full curve y = 0 in Fig. 29 (Gauss error function). 
However, it will in general not be cylindrically symmetrical about the line of classical 
motion. Still, especially for higher vi values, the classical picture (Fig, 24 and 25) 
gives a fairly good approximation to the wave-mechanical probability distribution. 

If several normal vibrations are excited simultaneously, the resulting xf/ will be 
still more complicated. However, for most practical purposes it is quite unnecessary 
to know the xp and functions in terms of Xi, yi, Zi, • • • , but it is entirely sufficient 
to have them in terms of in which form they are very simple [see (II, 42)]. 

An important property of the vibrational eigenfunctions should be noted. The 
functions are even or odd functions of the depending on whether Vi is even or odd; 

that is, if is replaced by — the function ^i(|*) remains unchanged or changes sign 
for even or odd V{ respectively. This can easily be verified for the eigenfunctions 
represented in Fig. 29. It is due to the fact that for even Vi the function ^i(^i) con- 
tains only even powers of for odd Vi only odd powers of Since xpi(li) is a 
factor of the total vibrational eigenfunction xp, this latter function, too, remains 
unchanged or changes sign for even or odd Vi respectively if the corresponding is 
replaced by — 

Degenerate vibrations. If a molecule has a doubly degenerate vibration, two of 
the oj’s in (II, 49) are the same, say coa = co&, and the formula for the term values 
may also be written 

G(vi, V 2 • ‘ ‘ Vi ‘ — cai(vi + I) -(- oj 2 (v 2 + - 2 ) H- * • • + coi(ui + 1) -}- • • •, (II, 55) 

where we have put cof = Oa = &)6andu*- = Va -h Vb. Naturally each one of a mutually 
degenerate pair of vibrations gives its contribution to the zero-point energy. In 
the corresponding total vibrational eigenfunction we have the factor 

xPi = (II, 56) 

where ai = 27rvalh — 2TrvbIh. If Va = Vb — 0, since Ilo(yla^) — constant (polyno- 
mial of degree zero), there is only one function, that is, the zero-point vibration does 
not introduce a degeneracy. If the degenerate vibration is excited by one quantum 
we have either Va — 1, Vb = 0 or = 0, ws = 1 ; that is, there are two eigenfunctions 
for the state Vi = Va + % = 1 of energy (?=••• coi(l -f 1) ■ - • . It is doubly de- 
generate. In this case any linear combination of the two eigenfunctions (II, 56) is 
also an eigenfunction of the same energy level. If two quanta are excited [vi = 2, 
&)i(2 -j- 1) • • • ] we may have Va = 2, Vb — 0 or Va = 0, Vb = 2 or = 1, 
^6 = 1; that is, there is a triple degeneracy. Quite generally the degree of degeneracy 
if Vi quanta of the doubly degenerate vibration are excited is equal to the number of 
different ways in which Vi can be written as a sum of two positive integers (where the 
order of the integers matters), that is, it is Vi -j- 1. This is indicated for the eight 
lowest vibrational levels in Fig. 30a. However, this high degeneracy exists only as 
long as strictly harmonic vibrations are assumed. As will be shown later the an- 
harmonocity that is always present produces a partial splitting of this degeneracy. 

By introduoing polar normal coordinates by 


= Pi cos <pi. 


= Pi sin <pi, 


(II. 57 ) 
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and choosing proper linear combinations of (II, 56), it can be shown [see Pauling- Wilson (18 J ] that 
the eigenfunctions of a doubly degenerate vibration may also be written 




(II, 58) 


where is a polynomial of degree Vi in pf, where 3 = + -yj ■ 

the values 

k 


1, and where k can take 


Vi, Vi —2, Vi — 4 , • • • 1 or 0, (II, 59) 

depending on whether Vi is odd or even. In Fig, 30a_the k values and degeneracies are indicated for 
the lower vibrational levels. The polynomials V oapi) are related to the associated Laguerre.poly- 

nomials [see, for example, Shaffer (776) ]. For the lowest Vi and k values they are [see Kemble (12) ] : 

Fo® = 1. = - ^loiipi, Fa^ = 2«iPi2, Fa® = 1 - aiPiK 

The factor in the eigenfunction (II, 58) indicates that there is in general an angular momentum 

of the vibrational motion. If in the two mutually degenerate vibrations the displacement vectors 
for each atom can be chosen at right angles to 

each other and therefore the angle <pi is an angle ^ 

in actual space (for example for XY2 and X3 
in Fig. 27) the angular momentum would bo 
Zi(/i/27r), where k is given by (II, 59) (for other 
cases see Chapter IV, section 2a). 

Classically the transformation (II, 57) cor- 
responds to the superposition of the degenerate 
linear oscillations with a phase difference of 90® 

(see above, p. 75), which, unless and are 
motions in the same line, results in circular or 
elliptical motions of the nuclei. 
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Foi’ triply degenerate vibrations three 
of the oo’s in (II, 49), say £o„, coj,, coc, are 
the same, and we can write 

Givi, V 2 ' • ‘ Vk • • 0 ~ ^1(^1 “h 2) 

+ 0)2(02 + - i ) 

+ • • • o)k(vji + i) + • • (II, 60) 


2 , 0 - 


O' 




(*) 


Fio. ,30. Vibrational levels of (a) a doubly 
degenerate, (b) a triply degenerate vibration and 
their degrees of degeneracy. — The broken lines 
indicate the zero of energy. It should be noted 
that the lowest vibrational level » = 0 is fw; and 
jWfc above this zero. 


where co& = co« = 0)h = coc and Vk = Va 
+ + Vc. The corresponding factor in 

the eigenfunction is similar to (II, 56) 
e.xcept that there are now tliree terms in 
the exponential and three factors //». As 
before, for Vk = 0 there is only one eigen- 
function, that is, no degeneracy. If the triply degenerate vibration is excited by one 
quantum (vk = 1), there are three eigenfunctions (w„ = 1 or pj, = 1 or Vc ~ 1); that is, 
this state is triply degenerate. If the triply degenerate vibration is excited by two 
quanta we may have Va = 2, Vb = 0, v^ ^ 0; or Va = 0, wj, = 2, = 0; or Va = 0, = 0, 

Vc = 2; or y« = 1, = 1, Vc = 0; or y„ — 1, yj, == 0, y„ = 1 ; or y^ == 0, = 1, y,, = 1 

— that is, we have a six-fold degeneracy. In general, if the triply degenerate vibration 
is excited by Vk quanta, we have a lji(vk + l)(y* + 2)-fold degeneracy (again only if 
the anharmonicity is neglected). In Fig. 30b the degrees degeneracy for the lower 
vibrational levels are indicated. 
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III the most general case of various degeneracies of the normal vibrations the vibra- 
tional term values may be written conveniently 


G{v\, V2,Vz • ••) 



(II, 61) 


where di is the degree of degeneracy of the vibration on (di ~ 1 for non-degenerate 
vibration). It is seen that this formula includes (II, 49), (II, 55), and (II, 60). 


3. Symmetry of Normal Vibrations and Vibrational Eigenfunctions 

The degree of the secular equation (II, 38) from which the normal vibrations are 
obtained is 3iV where N is the number of atoms in the molecule. Therefore, even 
for a moderate number N, the secular equation is by no means easy to solve. How- 
ever, if a molecule has symmetry, also the normal vibrations and vibrational eigen- 
functions have certain symmetry properties and in consequence considerable simpli- 
fication in the determination of the normal vibrations is brought about. Therefore, in 
this section, we shall consider these symmetry properties of the normal vibrations 
and the vibrational eigenfunctions. 

Considerations of symmetry were first applied to the vibrations of polyatomic 
molecules by Brester (178) in 1923. They are of greatest importance not only for 
the determination of the normal vibrations but also for the discussion of the higher 
vibrational levels and the influence of anharmonicity (section 5 of this chapter), 
the selection rules (Chapter III, section 2) and the interaction of rotation and 
vibration (Chapter IV). 

If in a molecule a symmetry operation is carried out that transforms the (non- 
vibrating) molecule into a configuration indistinguishable from the original one, also 
the potential energy and the field of force will be the same as before the symmetry 
operation. Therefore the secular equation and consequently the frequencies of the 
normal vibrations are the same for the transformed as for the non-transformed 
system. However, in the vibrating molecule the transformed displacements are not 
necessarily the same as the non-transformed ones. With respect to a giveri symmetry 
operation we have to distinguish three different behaviors of a normal vibration: It may 
remain unchanged, it may change sign, or it may change by more than just the sign. 

Mathematically there are two equivalent ways of carrying out a symmetry oper- 
ation. We may either keep the coordinate system fixed and rotate or reflect the 
molecule, that is, change the position of the nuclei (position transformation) , or we 
may keep the molecule fixed and refer it to different, rotated, or reflected coordinate 
systems (coordinate transformation). In what follows we shall always use the first 
method. 

(a) Effect of symmetry operations on non-degenerate normal vibrations 

For a given non-degenerate normal vibration Vi there is only one possible ratio 
for the displacement coordinates of the various atoms (see p. 69f.). If a symmetry 
operation is carried out this ratio remains unchanged since the frequency Vi substi- 
tuted into the equations (II, 10) is the same. Therefore since the displacements are 
defined apart from a constant factor only (which is defined by the normalization, 
see p. 72), a symmetry operation can at most bring about a simultaneous change of 
sign of all displacement coordinates belonging to a given non-degenerate vibration, 
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tliat is, a change nf sign of the normal coordinate. The only other possibility is that 
it will leave them unchanged. Thus a non-degenerate vibration can only he symmetric 
or antisymmetric with respect to any symmetry operation that is permitted by the symmetry 
of the molecule. . 


As an example, consider the normal vibrations of the plane XYZ2 molecule 
represented in the previous Fig. 24a-f. When these vibrations are reflected at the 
plane ol symmetry of the molecule cr„(a;2) which is perpendicular to the plane of the 
molecule, the diagrams in Fig. 24g-l are obtained. It is seen that this reflection leads 
to identical pictures for vi, v^, vz, vg, whereas for ^'4 and vg the direction of all displace- 
ment vectors has been inverted; that is, the corresponding normal coordinates ^4 
and ^6 have been changed into their negatives - ^4 and — ^5 (phase shift by 180°). 
These vibrations are antisymmetric with respect to the plane cr.v(xz). In a similar 
way it can be seen that all vibrations but vg are symmetric with respect to the plane 
of the molecule, while vg is antisymmetric. Finally vg, and vq are antisymmetric 
with respect to a rotation by 180° about the X — Y axis (two-fold axis). 

It is an immediate result of the above rule (and is verified by the example of 
Fig. 24) that a nucleus that has its equilibrium position on a plane of symmetry in 
a non-degenerate vibration can only move in the plane (if the vibration is symmetric 
to the plane) or perpendicular to the plane (if it is antisymmetric). Similarly, a 
nucleus that has its equilibrium position on an axis of symmetry can only move 
along this axis (if the vibration is symmetric with respect to this axis) or perpendicular 
to it (if it is antisymmetric). 

The following restriction to the above rule may be noted. If the molecule has 
.a ?>-fold axis of symmetry and p is odd, a non-degenerate vibration can only be sym- 
metric with respect to a rotation by 27r/p about this axis since, if it were antisym- 
metric, after p such rotations, that is, a rotation by 2x, it would not transform into 
itself as it must. However, a non-degenerate vibration may be antisymmetric as 
well as .symmetric with respect to an even-fold axis, since then after p such rotations 
it will transform into the original configuration. The non-degenerate vibrations of 
the symmetrical molecules X3, X4, X5, Xc represented in Figs. 32a, 37, 38a, 40 
exemplify this restriction. 


(6) Effect of symmetry operations on degenerate normal vibrations 

Two simple examples. Whereas non-degenerate vibrations can only be sym- 
metric or antisymmetric with respect to any symmetry operation, degenerate normal 
vil) rations may also change by more than just the sign. Before we discuss the reason 
for this, let us consider two exami)les. In Fig. 25b the normal vibrations of a linear 
symmetric triatomic molecule XYo (for instance CO2) are represented. The two vibra- 
tions V 2 u and V 2 b are obviously degenerate with each other. They are antisymmetric 
with respect to an inversion at the center of symmetry as is the vibration vz. Another 
symmetry opciration is the rotation (7^ by an arbitrary angle (p about the intermielear 
axis. Tins leaves vi and vz unchanged; they are symmetric with respect to this 
symmetry operation. But both vza and v^b are changed by more than just the sign. 
This is represented in Fig. 31a, in which a side view of the vibrations before and after 
the symmetry operation is given. Before the transformation, V‘i„ takes place in the 
x-direction, nucleus i having an amplitude After the transformation the 

amplitude in the a:-direction is xf^'> cos <p, and in addition there is now also a com- 
ponent of the motion in the y-direction with amplitude sin cp. Both components 
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change periodically in simple harmonic motion whose frequency is obviously the 
same as before the symmetry operation. Similar considerations apply to v^b- 

As a second example, consider the normal vibrations of a molecule X 3 forming an 
equilateral triangle (three-fold axis of symmetry) in Fig. 32a. The diagrams obtained 




Fio. 31. EjQfect of the symmetry operation on the degenerate vibration of linear XY». 




Fig. 32. Effect of the symmetry operations Cs and C 3 ® on the normal 
vibrations of an X 3 molecule. 
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by rotating the molecule with its displacement vectors in a clockwise direction by 
120° and 240° (or — 120°) are shown in Fig. 32b and c. It is seen that while vi 
remains unchanged by these rotations, that is, is symmetric with respect to the 
three-fold axis, the two other vibrations v^a and V2b, which &Te degenerate with each 
other (see below), are neither symmetric nor antisymmetric but change into different 
vibrations which, however, have obviously the same frequency. They differ only in 
that the nucleus iVi at the top, for example, instead of moving up and down in j'sa, 
after the rotation, in v^ 2 a^\ moves at an angle of 120° to the vertical. Similar changes 
occur for the other two atoms Ni and N 3 . 

By superposition of and or with suitable amplitudes, we can obtain 
a simple harmonic motion of the nucleus Nx in any other direction, and similarly of 
N% and Nz- For instance, we may obtain a motion of iVi in a horizontal direction 
by superimposing on V 2 a the vibration V 2 a^^ with double the amplitude. This is 
shown in Fig. 33a. It is seen that in this way, apart from a constant factor, the 




Fio. 33. Degenerate vibration vz of X 3 . (a) Superposition of and to give 

(b) Orthogonal pair different from v^a and P 2 b in Fig. 32. 

vibration vfb is obtained. Thus vzh is a linear combination of and V 2 a^\ Since 
and have the same frequency, also has this frequency. That is why V 2 a 
and V‘>b are degenerate with each other. Conversely, of course, we may obtain 
as a linear combination of and vfl- Any other oscillation of the same frequency 
may be represented as a linear combination of vfa and (for example, also, 

*' 20 ^”^). The vibrations and *'^ 2 * are mutually orthogonal: in all nuclei move 
at right angles to the paths they traverse in v^ia- However, vfa and are not the 
only orthogonal pair by whose superposition all other vibrations of the same fre- 
quency may be represented. There is an infinite number of such pairs. Fig. 33b 
gives another example. V 2 a and ^ 2 ^?) are distinguished by being symmetric and anti- 
symmetric respectively with respect to the ijlane of symmetry though Nx. 

As we have seen before (p. 75), we have a degenerate vibration when two or more 
roots of the secular equation coincide. There are then two or more sets of solutions 
of the eciuationa (II, 10) for the same frequency Vii 


That is to say, there are two or more normal coordinates ^ia, • * * that differ by more 
than just a constant factor. A symmetry operation which does not change the field 
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of force may therefore change each of the degenerate normal coordinates into a linear 
combination of these normal coordinates, since such a linear combination is also a 
solution of equations (II, 10 ) (see p. 75). Thus we have 


^ia' 

^ib 


ia 




I ^ab^ib 1 

dba^ia + dbb^ib 4- 


(II, 62) 




where the indicates “goes over, by a symmetry operation, into’’ and the da 
d b • • - are constant coefficients to be determined below. The • • • should be diopped 
for doubly degenerate vibrations. Since ^ib, • ■ • may be taken to be the dis- 
placement vectors of any nucleus h in the degenerate vibration it is iininediately 
clear that for a doubly degenerate vibration the transformed displacement vectors 
of a given nucleus all lie in the plane determined by the two “original displacement 
vectors, while for a triply degenerate vibration they are not restricted to a p ane. 

For certain symmetry operations it may be that only the diagonal coeincieiits a„a, 
dbb • • * in (II> 62) are different from zero and equal to +1 or — 1 ; that is, for certain 
symmetry operations even degenerate vibrations may be symmetric or antisymmetric. For 
eLmple, tL degenerate vibrations vs. and v.. of linear XY^ a^g- 25b) are symmetric 
with respect to a reflection at the plane of symmetry perpendicular to the internuclear 
axis- they are antisymmetric with respect to an inversion at the center ot synimetry. 
The degenerate vibrations via and vib of X 3 (Fig. 32a) are both symmetuc wit 1 
respect to the plane of the molecule and they are symmetric and antisymmetric 
respectively with respect to the perpendicular plane of symmetry throiigli Yj,. 

However, with respect to a rotation about a three or more than three-fold axis, degener- 
ate vibrations are in general neither symmetric nor antisymmetric hut change accordirig to 
(II, 62) with non-vanishing dab, dba, For example, in the case of Wxa linear 

molecule XY 2 (see Fig. 25b), if we take the normal coordinates ^ia and of the two 
degenerate vibrations orthogonal to each other and normalized, that is, il tlie dis- 
placement vectors and of each atom k are perpendicular to each other and 
of equal magnitude, we have, for a simultaneous rotation of the two displacement 
vectors by an angle <p (see Fig. 31b), 


Xk 


.(«)' = cos (a + if) 


cos (p 


sin (f, 


and similarly 


Vk 


ia)' 


sin <p + cos (p, 


where the primed coordinates are the ones after the rotation. Since, according to 
Fig. 31b, = ■” ^ we may also write 


cos <P 4- xiV'> sin <p, 


ia)‘ 


Similarly we obtain 


Xh 


Vk 


tjk 

ib)' 


Vk 


(a) 


COS (p 4 yiN’^ «in y>- 


ib)‘ 


sin tp 4 - cos tp, 

sin ip 4- eos ¥’5 


(I I, 63) 


(II, 64) 


® This holds as long as only real normal coordinates and coefficients are adinitte<l. l'’<>r comjdex 
normal coordinates, sec l:>elow. 
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or, since (II, 63) and (11, 64) hold for any A, 

^2a - ha COS <p + ^26 sin <p 

hb = — ha sin <p + hb cos <p; 


(II, 65) 


that is, for a rotation by an angle <p about the symmetry axis (Ct,), the coefficients in 
(II, 62) are in the case of a degenerate vibration of a linear (triatomic) molecule: 


^bb — ■ cos cPj 


dab 


dha — sin <p, 


(II, 66) 


Equation (II, 65) is independent of the angle a, that is, of the orientation of the fixed 
coordinate system, x, y. 

In a similar manner, in the molecule ~K.z, if ha and hb are the mutually orthogonal 
normal coordinates belonging to the vibrations v^a and v^b of Fig. 32, and if we assume 
that they have the same amplitude, then we have for a (clockwise) rotation of the 
whole diagram by an angle of 120° (which is a symmetry operation). 


hn ■ 

hb- 


ha = ha COS 120° 4- hb sin 120°, 
hb = — ^ 2 a sin 120° -j- hb cos 120° j 


X/: 


(a) 


that is, again we have a linear transformation of the type (II, 62). 
the equations (II, 67) mean that for ever^ nucleus 7c, 

x,/^^ cos 120° + Xk^^^ sin 120°, 
cos 120° + sin 120°, 

- sin 120° + a:/ cos 120°, 

— y/S’’^ sin 120° + cos 120°. 


(II, 67) 
More explicitly. 


?//> 

X/c 

Vk 


(<f) 


(ft) 


Xk 

Vk 

-> Xi 


(ay 

(a)' 


(ft) _> 


Vk 


(by 


(by 


(II, 68) 


Here it is to be remembered (see p. 82) that the primed coordinates are referred to 
the same coordinate system as the unprimed and that we number the nuclei according 
to their position (the nucleus at the top in Fig. 32 is always Ni, and so on) and not 
according to wliat they had been before the transformation. With, this in mind, 
the equations (II, 68) can easily be verified by the reader from Fig. 32. They hold 


.( 120 ) ,.( 120 ) 


irrespective of whicli orthogonal pair is chosen, whether or i' 2 « ", vW" or 

in Fig. 32, or v^a and v-ih in Fig. 33b, or any otlier orthogonal pair. Always 
the displacement vectors of a nucleus of a given position (for example, the one at the top) 
rotate by 120° in a counter-clockwise direction if the molecule is rotated by 120° in the 
clockwise direction. Tins rule has here been derived from the assumed form of the 
degenerate normal vibrations. Since we shall see that it is a necessary consequence 
of the theory of normal vibrations, it can conversely be used to determine the form 
of the degenerate vibrations. 

When the symmetry oiieration is the counter-clockwise rotation by 120°, one has 
to replace 120° by —120° in (11, 67) and (II, 68). The result is obviously the same 
as when the clockwise rotation is carried out twice in succession, that is, when 120° 
is replaced by 240°. 

Plane doubly degenerate vibrations. We shall now discuss the general case of 
doubly degenerate normal vibrations in which the nuclei move in planes perpendicular 
to a p-fold a.xis of symmetry [see Cabannes (189)]]. We shall also show how the 
form of these degenerate vibrations can be determined. In Fig. 34, Nu and N k+x are 
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two identical nuclei that are transformed into each other by rotation about the p-fold 
axis Cp (assumed to be perpendicular to the plane of the paper) through t e ang e 27r/p 
The displacements of these nuclei during the two mutually degenerate and ort ogonal 
vibrations Via and Vib of normal coordinates and are indicated by the heavy 
arrows and ri|i, We assume for the present that all amplitudes r of 



the p identical nuclei have the same magnitude. If a clockwise rotation by -Wp Jf 
carried out the vectors go over into the dotted displacements and rt+i 

of Nk+i, making an angle o: with and respectively. Applying (II, 08) and 
(II, 64) to the present case, we have 

cos a + sin a, 

cos « + sin a, 

— sin <x + ajfc+i cos a, 

+ VkU cos a. 


(a)' 

CCfc+l 

Vk+l 

Vkii 


(II, 69) 


— 2/i“hi sin cc 


If we were to choose the directions of and arbitrarily for every k, the 
angle a would be different for different k. But in order to obtain a linear transforma- 
tion as in (II, 62) for the normal coordinates, all displacement components must 
transform in the same way; that is, we have to choose the displacements so that cx is 


independent of k. Then we have 


cos a + sin a, 
lift = — lia sin a -f I/ft cos a, 


(11, 70) 


as the law of transformation of the two degenerate {orthogonal) normal coordinates for a 
rotation by 27 r/p. It might at first appear that the angle a can have any fixed value. 
However, after p rotations by 27r/p we must obviously obtain the original diagram. 
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Therefore, since for each rotation of the molecule a displacement vector turns by a, 
pa must be rfc27r or ±2-27r or =b3*2x • • • or = 1 = (p — l)2x. The value =hp-2x 
would mean a = d= 2x, that is, give the same transformation as a = 0 , namely 

The vibration would be symmetric with respect to the rotation 
about the symmetry axis. Obviously the values db (p + l)2x, db (p + 2)2x • ■ • for 
pa would be equivalent to =b2x, =b2-2x • • •. Thus we have 


o:=± 'I, 0 <CZ<!p, (If, 71) 

P 

where I is an integral number. 

When a degenerate vibration transforms according to (II, 70) with 0 < |a:| < 2 x 
(and a 9^ tt) for a rotation by 2 x/p about a p-fold axis, we say, for brevity, that it is 
degenerate with respect to this axis. It may or may not be symmetric or antisymmetric 
with respect to other symmetry elements if such are present. It might appear from 
(II, 71) that in a molecule with a p-fold axis there are p •— 1 different types of 
vibrations that are degenerate with respect to the p-fold axis, namely those with 
Z = l, Z = 2 — Z = p — 1 . However, the types Z = 1 and Z==p — 1 , Z = 2 and 


27r 

; - p - 2, Z = 3 and Z = p - 3 . ■ . . are equivalent, since « = d= (p - i) - is 

2x 

equivalent to o: = =F j ™ (the difference of the two being 2 x). Furthermore, if p 


is even, Z = p /2 is one of the possible I values; that is, a = tt. In this case, according 
to (II, 70), ^ia = — ^ia and which means that this type of vibration is 

antisymmetric and not degenerate with respect to the p-fold axis considered. Thus 
if we put p — 2q 2 ii p is even, and if we put p = 2 g — 1 if p is odd, there are q 
different types (species) of degenerate vibrations distinguished by the value of Z, that is, 
by the angle a by which the displacement vectors rotate for a rotation of the molecule by 
2 x/p. Of course there may be several degenerate vibrations of the same type (see 
section 4a). Degenerate vibrations that differ only by the sign of a are considered 
as of the same type for the following reason: Suppose ^ia and ^ib transform according 

2x 

to (II, 70) with CK = — 7 - Z, then it is immediately seen that ^ia and —!^ib transform 


according to (II, 70) with a ~ 



V 


But the pair ^ib is obviously perfectly 


equivalent to —^ib- 

For a molectile with a three-fold axis Cz the number Z introduced above may have 
the values 1 and 2 . But since 2 = p — 1=3 — 1 there is only one type (species) of 
degenerate vibrations, namely the one in which the displacement vectors in a plane 
perpendicular to the symmetry axis rotate by ± 120 ® for a clockwise rotation of the 
molecule by 120°. We have already seen (Figs. 32 and 33b) that this is actually 
fulfilled for the degenerate pair v^a and v-n, of X3, with o: = ± 120 ° (counted positive 
in a counter-clockwise direction). Conversely, if we did not know the form of the 
degenerate normal vibration we could determine it from the above condition. This 
is shown in Fig. 35. For example, starting out from a vertical vector at Nx CFig- 35a 
( 1 ) 3 , we rotate this vector counter-clockwise by 120 ° (dotted vector), then rotate 
the whole diagram by 120° counter-clockwise. The dotted vector then goes over 
into the heavy vector at N-i 35a (2)3, which represents the actual displacement 
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vector of Nt when the vertical vector. at Nx is the displacement vector of Nx, since 
by clockwise rotation of the whole molecule by 120° the displacement vector of Nx 
would rotate by 120° in the counter-clockwise direction. Similarly rotating the 
displacement vector of N^ again by 120°, obtaining a dotted vector at iV-i, and rotat- 
ing the whole diagram by 120°, we obtain the displacement vector of Nz C® ig- 35a 
(3)]. Thus we have obtained vza of Fig. 32. In the same way, by starting out from 



Fig. 35. Derivation, of degenerate normal vibrations of X.i. 


a horizontal displacement at iVi (Fig. 36b), the vibration v^b is obtaincMl, whi(‘,h, as 
shown before, is degenerate with Fig, 35c shows the same for a dis])la<;cmcnt 
of Nx of arbitrary direction, giving a vibration that is a linear combination of vz,i 
and 1 ^ 26 - (see Fig. 33b). If instead of a = + 120° we choo.se a = ~ 120° W(; olitain, 
as shown by Fig. 35d, simply a translation of the whole molecule in the direction of 
the initially assumed displacement vector. Thus the two translations perpendicular 
to the three-fold axis are a non~genuine degeneraUi vibration of the tyixi I -- 1. 
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As au example of a somewhat more complicated case of a molecule with a throe-fold axis, Kg. 36 
rives the normal mbrations of a plane symmetrical XjYs molecule of point group Dsh^ Since here a Y 
lucleus may move either in the same direction as the adjacent X nucleus or in the opposite direction, 
there are now two totally symmetric vibrations, vi and *' 2 ; there ai’e two vibrations that are symmetric 
with respect to the Cs, but antisymmetric with respect to the three <ru: the rotation about the Cs 
(which is a non-genuine vibration and therefore not shown) and the vibration vs‘, there are two 



Fig. 36 . Normal vibrations of an X;,Y:t molecule (point group D^p . — Motions perpendicular to the 
I>lane of the paper are indicated by -h and — signs in the circles representing the nuclei. 


degenerate vibrations with o: = -h 120, namely vb and roJ and there are two degenerate vibrations 
with a — — 120, namely the translations perpendicular to Ch which represent a non-genuine vibra- 
tion (not shown) and the genuine vii)ration vt. This is in addition to the vibrations parallel to the 
throe-fold axis, whicdi will bo discussed later. It should l)o noted that the vibrations vu, r®. vm. 
and vn cannot bo ol>tainod as linear combinations of vuj. and vsi,\ that is, vs iind vi have in general a 
frequon'ey different from that of vs. 

For a molecule udth a four-fold axis of symmetry, I may have the values 1, 2 , and 3. 
But 1 = 2 = p /2 corresponds to vibrations that are antisymmetric with- respect to 
the axis and Z = 3 = p — 1 is equivalent I = 1 , so that there is again only one type 
(species) of degenerate vibrations. As an example, Fig. 37 gives the normal vibra- 
tions of a molecule X 4 with a four-fold axis. Ui is symmetric, V 2 , vs, and are anti- 
symmetric with respect to a rotation by 2x/4 = 90° about the axis, whereas vsa and 
P 66 are a degenerate pair. Any linear combination of v&a and Psb, for example vif , is 
also a vibration of the same frequency (^ 5 ' = ^66 — ^6a)- It is seen that by a clock- 
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Fig- 38. Normal vibrations of an Xs molecule (point group Dba). (a) Genuine normal vibra- 
tions. (b) A non-genuine degenerate vibration (see p. 96). (c) Alternative degenerate vibrations 

== vaa + P 4 a. v'ab = »' 3 i> + P 4 b, V 4 a = P 3 b “ Vib, Vib = »'aa - *' 4 a.— Vibrations perpendicular to the 
plane of the molecule are shown in oblique projection. 
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wise rotation by 90 ® of the molecule in these degenerate vibrations every displacement 
vector rotates counter-clockwise by -4-90®. 

For a molecule with a five-fold axis of symmetry, I may have the values 1, 2, 3, and 4, 
but according to the above Z = 1 is equivalent to Z = 4 and Z = 2 is equivalent to 
Z = 3, so that we have two types (species) of degenerate vibrations corresponding to 
a = zfc 27r/5 and o: = dh 2 ‘2’irlb respectively. Let us derive as an example the form 
of the (plane) normal vibrations of a molecule Xs whose nuclei are arranged at the 
corners of a regular pentagon. The only vibration that is symmetric with respect 
to the axis Cs is evidently the pulsation vibration vi in Fig. 38a. If we want to 

O 

Fig. 39. Derivation of the vibration vza of Xs. — From one diagram to the next a rotation of 
the mole<5ule by 72^ is assumed to have taken place. In this rotation a broken line vector goes over 
into the fuU-line displacement vector of the next nucleus (rotation by 144®). 

determine a vibration of the type Z = 1 we have to use a = db 360°/5 = d= 72° and 
proceed in the same way as indicated in Fig. 35 for an X 3 molecule. With a = -4- 72° 
we obtain thus the degenerate pair v^a and v^b in Fig. 38a j with a = — 72° we obtain 
(similar to Fig. 35d) the two translations perpendicular to the five-fold axis which 
thus represent a non-genuine degenerate vibration with Z = 1 . If now we want to 
determine a vibration of the type 1 = 2, that is, a = zfc 2*360°/5 = db 144°, we have 
to rotate the displacement vectors by 144° for every rotation of the molecule by 72°. 
This is shown for a = -4- 144° in Fig. 39 and gives the vibration v^a of Fig. 38a. vzh 
is obtained in the same way but using a vertical instead of a horizontal displacement 










Fio. 40. Normal vibrations of an Xs molecule (point group Du )- — Displacement vectors At 
right angles to the plane of the paper are indicated by + and — signs. In v^b these vectors have not 
all the same length. 


vector at the top. If o: = — 144°, another degenerate pair of genuine normal vibra- 
tions is obtained, v^a and v^b of Fig. 38a.’ Thus there are in this example two plane 
degenerate vibrations of type 1 = 2. 

’ The displacement vector of the nucleus at the top in V 4 .b has been chosen opposite to that in 
vu in order to have the pair pu and vu transform according to (II, 70) with a = -b 144°, just as 

Pza uiid vzb (sec p. 80). 
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For a molecule with a six-fold axis of symmetry ^ I may have the values 1, 2, 3, 4, 
and 5 ; but according to the above I — Z — p /2 corresponds to vibrations that are 
antisymmetric with respect to the axis Ce, and Z = 4 and 5 are equivalent to Z = 2 
and Z = 1 respectively so that we have again only two types of degenerate vibrations. 
Fig. 40 gives as an example the normal vibrations of a molecule Xe whose nuclei in 
their equilibrium positions lie at the corners of a regular hexagon. There is again 
only one vibration that is symmetric with respect to a rotation by 60° about the axis, 
but there are three vibrations that are antisymmetric with respect to this rotation. 
The plane degenerate vibrations are obtained in a manner similar to that used for Xg 
by rotating the displacement vectors by +60°, + 120 °, and — 120 ° respectively for 
every rotation of the molecule by 60°. This gives the three degenerate pairs vui, 
vtb (I — 1), V 6 a, v^b (I — 2 ), V 7 a, V 7 h (Z — 2 ). The value a — — 60° gives, similar to the 
case of X 3 and X 5 , the translations perpendicular to the symmetry axis (non-genuine 
vibration). The other vibrations of the Xe molecule will be discussed later. 

More general doubly degenerate vibrations. The above discussed behavior of 
the normal coordinates with respect to symmetry operations may also be derived 
from the requirement that the potential energy (II, 32) must be invariant with respect 
to all symmetry operations permitted by the molecule in its equilibrium position. That 
is, if the potential energy is 

V = ^ x 3^32 +...), (11, 72) 

after a symmetry operation has been carried out, it must be 

+ Xsl's" H ) (II, 73) 

where the are the normal coordinates in the transformed molecule.® 

Invariance of V accordingly exists if or that is, wlien the 

normal vibration is symmetric or antisymmetric with respect to the symmetry 
operation. In fact, this is the only way invariance of V can be accomplished if all 
Xi (all frequencies), are different. Therefore non-degenerate vibrations can only be 
symmetric or antisymmetric. However, if two or more Xi are equal, that is, if we liave 
a degenerate vibration, the corresponding may be a linear combination of the 
Taking the case of a double degeneracy, let ^ia and be the two degenerate normal 
coordinates, and the part of the potential energy depending on them 

Vi = (11, 74) 

The only linear transformation of the form (II, 62) that will leave Vi uncha,nge(l is 
an orthogonal transformation, that is, a transformation that transforms one Ca,rtesia,n 
coordinate system into another with the same origin. Such a transformation, in 
tlie present case of two dimensions, is performed only either by 

^'ia = + iia cos ^ + tib sin ) 8 , 

, (11, 75) 

^ib = — ^ia sin iS + $,-6 cos jS 

* It should bo noted that it is not sufEoient that the numerical valuci of V for a Riveu set, of 
values remains the same; it must remain uneshanged for any set of gt values and therefore must luivo 
the same functional dependence on the transformed normal coordinates as on the n()n-t,ranHf( M ined. 
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or by 


^ia = — ^ia COS + ^ib sin jS, 
= 4- Ua sin '/3 + ^ib cos /3. 


(11, 76) 


The first transformation means a simple rotation of a rectangular coordinate system 
formed by and by an angle /3 ^compare equation (II, 65) and the accompanyang 
discussion^. The second transformation means a rotation plus a reflection at the 
origin. It is easily verified, by forming +• from (II, 75) or (II, 76), that 

+ 0/1 = +• that is, that the transformations (II, 75) and (II, 76) leave 

the potential energy F; in (II, 74) invariant- It is also easily seen, by substituting 
(II, 62) in (II, 74) and requiring that Vi be invariant, that the above two transforma- 
tions are the only ones giving this invariance. 

The transformation (II, 76), if carried out twice in succession, has the property 
of leading to the original normal coordinates for any value of as can immediately be 
verified. It can therefore correspond only to those symmetry operations which if 
ap])lied twice bring the system back to itself, such as a reflection at a plane. Only 
tlie transfor mation (II, 75) can represent the change of degenerate normal coordinates 
produced by a rotation about a ja-fold axis with p > 2. It is of exactly the same form 
as (II, 70). However, the proof for (II, 75) is more general and we can now drop a 
number of restrictions under which (II, 70) was derived: Equation (II, 70) was 
derived for the x and y components of the displacements only Csee (II, 69)], whereas 
(II, 75) holds generally also for the z components (that is, the components in the direc- 
,tion of the axis of symmetry). In deriving (II, 69) and (II, 70) we assumed that 
each displacement vector of \ia was perpendicular to the corresponding displacement 
vector of (see Tig. 34) and had the same magnitude, whereas now we need only 
to assume tluit and $//> are orthogonal and normalized in the sense of equations 
(II, 18) and (II, 19). 

The value of jC? in (II, 75) is not entirely arbitrary but, in the same way as above 
for a, it follows that for a rotation by 2irlp about a p-fold axis, 


/= 1,2 •••/>- 1. (11,77) 

V 

Tims for those vibrations that fulfill the above-mentioned restrictions the considera- 
tions are exactly the same as before. However, we can now also discuss those de- 
generate normal vibrations that do not fulfill these restrictions. 

Let us consider, as an example, those normal vibrations of an X& molecule (Tig- 38) 
that are perpendicular (antisymmetric) to the plane of the molecule. The only one such 
vibration that is symmetric with respect to the axis is the non-genuine vibration 
consisting of a translation in the z direction (not shown). The other vibrations in 
tliis group are degenerate witli respect to the axis. It is easily seen that a vibration 
parallel to the axis can be degenerate only with a vibration that is also parallel to the 
axis [since otherwise a rotation by 2x/p could not transform the one into a linear 
combination (II, 75) of the two original ones]. Thus the displacement vectors of 
the individual atoms in the two mutually degenerate vibrations are not perpendicular 
but parallel to each other. In order that they shall be orthogonal we must choose 
them so that [see (II, 18)] 


YimicZiI^^ziN'^ = 0 . 


(II, 78) 
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One way of accomplishing this is to choose the displacements of A^i as = s, = 0 
(then at least the contribution of Nt to the sum is zero). The displacements of 
are now obtained by carrying out the transformation (II, 75) and then rotating the 
molecule by 72° (similar to Fig. 39). The latter operation here does not change the 
direction of the displacement vectors. Thus we have 

22 ^“^ == = s cos /3 + 0, 

22 ^*’^ = — — s sin iS + 0 

Similarly we obtain 

23 ^“^ = 22 ^®^" = s cos 2/3, 

23 ^^^ = 22 ^**^' = — s sin 2/3. 

Taking first /3 == +• (360°/p)*l = + 72° we see that the displacements 2 /, of the 
successive nuclei Nx, Nz, N 3 , • • • in the first vibration are 

s, s cos 72°, s cos 144°, s cos 216°, s cos 288°, 

and in the second vibration, which is degenerate with the first, 

0, -s sin 72°, -s sin 144°, -s sin 216°, -s sin 288°. 

It is easily verified that these two sets of displacements fulfill the relation of orthogo- 
nality (II, 78). They are illustrated in Fig. 38b, from which it can be seen that they 
represent simple rotations about two mutually perpendicular axes in the plane of the 
molecule. These two vibrations are thus non-genuine. 

If we now take /3 = ■+■ (360°/p)-2 = -f- 144° we see that the 2 displacements in 
the two mutually degenerate vibrations are, according to (II, 79) and (II, 80), 

s, s cos 144°, s cos 288°, s cos 72°, s cos 216° 

and 

0, -s sin 144°, -s sin 288°, -s sin 72°, -s sin 216°. 

These displacements are shown as vsa and v^b in Fig. 38a. They represent evidently 
genuine normal vibrations (which are mutually orthogonal). It is immediately seen 
that the values /3 = — 72° and —144° lead to the same vibrations as /3 == ■+ 72° 
and -1-144° respectively. As previously, /3 = d= 27r/5-3 and 27r/5-4 lead to the 
same vibrations as /3 = d= 27r/5*2 and db2ir/5T respectively. 

Doubly degenerate vibrations with the same relative amplitudes as for v^n and 
may also take place in the plane of the molecule, either in such a way that all atoms 
move radially or in such a way that they all move tangentially. These are repre- 
sented in Fig. 38c. It is easily seen that these vibrations fulfill the transformation 
law (II, 75), even though the displacement vectors are not all the same and are not 
at right angles to each other in a degenerate pair. The displacement vectors in 
these vibrations can therefore not be obtained by the simple rotation method illus- 
trated by Fig. 39. However, these two degenerate vibrations are not independent 
of those already given. Their normal coordinates are the linear combinations 
^ 3 a -+- ^ia, ^ 3 b + ^46 and ^36 ” $ 46 , $ 3 a “ $ 4 a of tlic pi'evious V 3 and Vi (Fig. 38a). 
There is an infinite number of other pairs of linear combinations (^ 3 a 4- c^ia, $36 + c^ih 
with c an arbitrary number) that would also fulfill the transformation law (II, 75). 


(II, 79) 

(II, 80) 
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But only two of these pairs are independent of one another- Which two are the 
actual vibrations vz and V4 depends on the forces acting between the atoms (see sec- 
tion 4). Only for certain special force fields would the vibrations be as given for vs 
and V 4 , in Fig. 38a, and for certain other special force fields they would be as given in 
Fig. 38c. On the other hand, the other vibrations, vx, vz, and v& of Xs, are unambigu- 
ously given for any force field since there is only one of each species (see section 4a). 

It should be realized that linear combinations I2 + or ^2 + do not fulfill 
the transformation laws (II, 75) and are therefore not possible normal vibrations, 
since ^ 72*^ for vz but = db 144*^ for ^3 and Vi. 

For a molecule with a three-fold axis only /? = =b 120® is possible. In the case 
of a triatomic molecule X3 this leads (just like /8 = d= 72° for Xs) only to a non- 
genuine vibration perpendicular to the plane of the molecule. 

However in the molecule X 3 Y 3 both a non-genuine and a genuine vibration (vs in Fig. 36) result, 
with amplitudes 

s, s cos 120°, s cos 240° and 0, — s sin 120°, — s sin 240°. 

For this molecule, unlike X3, also plane degenerate vibrations with the amplitudes given are possible 
in a radial or tangential direction, analogous to those discussed for Xr, (Fig. 38c). However, they are 
again simply certain linear combinations of the plane degenerate vibrations already given ( vr , ve, 
V 7 in Fig. 36). 

The vibrations perpendicular to the plane of the molecule Xe (see Fig. 40) are obtained 
in a way entirely similar to that for Xs. Again /? = 27r/p-l, which here equals 

±60°, gives two non-genuine vibrations, while /? = 27r/p-2 = 120° gives the de- 
generate genuine vibrations vsa and vsht shown in Fig. 40. jS == 27r/p*3 gives the 
non-degenerate vibration that is antisymmetric with respect to the six-fold axis {vz 
in Fig. 40). Again, the plane vibrations vz and v? are not unambiguous. The linear 
combinations ^6« + ha, + ^76 and - ha, hb - hb would be tangential and 
radial vibrations similar to those of Xs in Fig. 38c. 

Further examples of doubly degenerate vibrations are those of XY3, XY4, X2Y6, 
XeYc, and XYZ3 given in Figs. 45, 48, 49, 50, and 91 respectively. 

It remains now to discuss briefly the behavior of doubly degenerate mbrations with 
respect to reflection at a plane, rotation about a two-fold axis, and inversion. It can 
be sliiown (see below) that two mutually degenerate vibrations are either both 
symmetric or both antisymmetric with respect to a center of symmetry i, a plane of 
symmetry Oh perpendicular to the axis of symmetry, and a two-fold axis coinciding 
with the p-fold axis, with respect to which the vibrations are degenerate, if such 
symmetry elements are present. Examples of this rule are supplied by the de- 
generate vibrations in Figs. 25b, 32a, 33, 36, 37, 38, 40. 

With respect to planes through the p-fold axis or to two-fold axes perpendicular to 
it, degenerate vibrations may or may not he symmetric or antisymmetric. For example, 
the vibration vza of X3 (Fig. 32a) is symmetric, vzb is antisymmetric with respect to a 
reflection at the plane of symmetry perpendicular to the plane of the molecule 
through N X, and also with respect to a two-fold rotation about the two-fold axis 
through Ni, whereas they change by more than just the sign for a reflection at the 
planes through Nz and Nz as well as for the rotations about the two-fold axes through 
Nz and A3. However, one can always find two linear combinations of the two 
mutually degenerate vibrations that are symmetric and antisymmetric respectively 
with respect to the particular plane or two-fold axis. In the example of X3, a vibra- 
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tion that is antisymmetric with respect to the plane cr^ through A'"2 is of Fig. 32 c 
and one that is symmetric is 3^20^°^. However, the vibrations and are, as 
we have seen before, linear combinations of the original v^a and V2b- Similarly, for 
a linear molecule we can always choose two mutually degenerate vibrations so that 
one is in the plane considered and the other perpendicular to it; that is, so that one 
is symmetric and the other antisymmetric with respect to that plane. 

According to the preceding discussion a more-than-two-fold axis in a molecule 
necessarily involves the existence of degenerate vibrations, that is, vibrations that 
change by more than just the sign for a rotation about that axis. On the other hand 
since normal vibrations can always be so chosen that they remain unchanged or only 
change sign for a reflection at a plane, for a two-fold rotation and for an inversion, 
a molecule with no more-than-two-fold axes need not have any degenerate vibration 
although accidentally two (or more) of its vibrations may be degenerate with one. 
another. Only if a molecule has at least one more-than-two-fold axis does it necessarily 
have degenerate vibrations. 


Sx'/j 01 which ia a special case of the transformation (II, 76) 


The fact mentioned above, that both vibrations of a degenerate pair behave in the same way 
with respect to an inversion, can be seen in the following way. If the substitutions — xl 

Vk-*- — Vk, Zk-*- — Zk are made in equations (II, 10) the same equations are obtained, since in a 
molecule with a center of symmetry the force constants are invariant to inversion. There- 
fore the ratio of the displacements (given by a row of minors of the determinant of the equations) 
remains unchanged; that is, any degenerate normal vibration can only be symmetric or antisymmetric 
with I'espect to inversion. This holds also for a linear combination of two mutually degenerate vibra- 
tions and therefore both components of a pair must show the same behavior. In a similar though 
somewhat more complicated way it can be shown that the.y must also show the same behavior with 
respect to a^ plane cru perpendicular to Cp and for a Ca coinciding with Cp. In all those cases, then, 

^ib iib ^ih “ 

with = 0 and 180“ respectively. 

For all other reflections and two-fold rotations a degenerate vibration does not ne(;osHarily remain 
unchanged or only change sign, and therefore the transformation (II, 76) aj)plio8, since it also fulfills 
the i-equii-ement that two successive reflections or rotations lead back to the original normal coordi- 
nates, which (II, 75) does not except for ^ = 0 and 180°.» For two special values of /3, = 0 and 

^ == 180“, the transformation (II, 76) loads to a simple result, namely f 

— + ^ia, iib 7= “ iib respectively, that is, for these values of one component of the degenerate 
pair is symmetric, the other is antisymmetric with respect to reflection or two-fold rol;ation of the 
type discussed. The important point is now that if two mutually degenerate normal coordinates 
and iib ai-e not symmetric or antisymmetric with respec^ to a reflection or two-fold rotation, two 
mutually orthogonal linear combinations of them, fox and ^ib, can always bo found that are symmetric 
and antisymmetric respectively, niis is immediately seen if it is realized that (II, 76) represents a 
rotation by an angle /3 in the plane plus an inversion. Therefore by ajjplying the opposite 

rotation to and by means of transformation (II, 75) , normal coordinates and must bo 
obtained that are transformed according to (II, 76) with j0 = 0 or /3 - 1S0“; that is, one of them is 
symmetric, the other antisymmetric with respect to the operation in question. A good illustration 
is the case of v-n of a molecule X;i reflected at a plane through N-i (see above and Fig. 32). 


Complex normal coordinates. Sometimes, instead of using two mat (orthogonal) mutually 
degenerate normal coordinates f?,, it is convenient to introduce complex normal coordinates. Since 
any linear combination of and is a solution of equations (II, 10), then 

Va = vn ~ — ih (11, SI) 

^ That (IT, 76) aiiplies for a reflection at a plane through the symmetry axis ('an easily lie v<*rified, 
for example, for the ease of linear XYa (see p. 8(>f.). 
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are formally also solutions (where i = 4 - -V— ■ 1).^® If we now apply transformation (II, 75), we 
obtain 

Va' = + ih' — cos j8 + $& sin yS + t(— Ja sin /3 + §& cos jS), 

’J''' % ^ sin 0 — i(— sin jS + cos /3) ; 

‘I, 

or, with cos p ±:i sin ^ == 

(II, 82) 

W = 

On the other hand, transformation (II, 76) leads to 

'na (II, 82a) 

Vb' = fa' — 

The first transformation, therefore, changes the complex normal coordinates only by a (complex) 
factor while the second changes one into the other with a (complex) factor.^^ The second transforma- 
tion (II, 82a) applies as previously only to planes through, or two-fold axes perpendicular to, the more- 
than-two-fold axes causing the degeneracy. Therefore, if there are no such planes or axes, only 
(II, 82) applies. In that case, the vibrations are said to be separably degenerate fsee Placzek (700) ] 
since a pair can be found, namely the complex ija and vb in (II, 81), such that each one of them trans- 
forms into itself, possibly apart from a constant factor, for any symmetry operation permitted by 
the system. In the previous examples, however, the degenerate vibrations are not separable since 
there arc planes throiigh the axis of symmetry as well as two-fold axes perpendicular to it for which 
transformation (II, 82a) applies. A system in which there were only separably degenerate vibrations 
would, for instance, be the molecule XsYa if the X 3 triangle were rotated with I’espect to the Y 3 
triangle. 

Triply degenerate vibrations- For triply degenerate vibrations the contribution 
to the potential energy is 

n- = +■ (II, 83) 

which must remain unchanged for any symmetry operation. This condition is ful- 
filled by a three-dimensional orthogonal transformation of the form (II, 62). The dab 
are the direction cosines of the new axes as compared to the old ones. The normal 
coordinates transform in the same way as Cartesian coordinates when one goes over 
from one system of axes to another with the same origin. 

As an illustration, Fig. 41 shows the normal vibrations of a tetrahedral XY 4 molecule. 
Tlie three component vibrations of each of the two triply degenerate vibrations vz 
and Vi are shown. By carrying out the symmetry operations (for example, rotation 
about one of the three-fold axes), any one of the vibrations is transformed into a 
vibration that is, in general, a linear combination of all three mutually degenerate 
vibrations. The various transformed displacement vectors of a particular atom no 
longer lie in a plane. 

We shall not discuss a general method of obtaining the form of the normal vibra- 
tions. But it is easily seen that the vibrations shown in Fig. 41 do fulfill the necessary 
requirements: the three vibrations vza, vzh, vsc have obviously the same frequency 
and they are orthogonal to one another; that is, they are linearly independent. The 
same holds for Via, vn,, Vic- Since there are in XY 4 two triply degenerate vibrations, 

M We omit here the subseripta i for ^ and rj in order to avoid confusion witli i = + V — -"l. 

The factor in this second case can bo made equal to 1 (that is /3 = 0 ) if one starts out from the 
in-oper normal coordinates |a and If, that are symmetric and antisymmetric with respect to the plane 

or iwo-fold axis (ionsidered (see above). 
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their actual forms are not uniquely determined by symmetry. They are linear com- 
binations of the two sets given. • In a tetrahedral molecule Y 4 (without a central 
atom) only one triply degenerate vibration occurs whose form is uniquely determined 
by symmetry. It is represented by 1^4 of Fig. 41 if the central atom is omitted. 



Fio. 41. Normal vibrations of a tetrahedral XY 4 molecule. — The throe two-fold axes 
(dot-dash lines) are chosen as x, y, and z axes. 


While in general triply degenerate vibrations (just as doubly degenera.to vibra- 
tions) change by more than the sign for a reflection at a plane of symmetry or for a 
rotation about a two-fold axis, it is always possible to find a set of linear combinations 
each of which is either symmetric or antisymmetric with respect to a particular 
plane or two-fold axis. Thus vza and vzc in Fig. 41 are symmetric, v^b is antisym- 
metric with respect to the xy plane. In the same way as previously for doubly 
degenerate vibrations it can be shown that three mutually degenerate vibrations are 
either all symmetric or all antisymmetric with respect to a center of symmetry. But 
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unlike the case of doubly degenerate vibrations there are no other elements of sym- 
metry with respect to which all three vibrations behave in the same way. 

It can be shown that it is always possible to find one (and only one) linear combination of three 
mutually degenerate vibrations that is symmetric with respect to a particular three-fold (or four-fold) 
axis. (Thus for va of XY 4 in Fig. 41 the combination vza + vzb + vsc, for the combination 
VAa + PAh + VAc, are seen to be symmetric with respect to one of the three-fold axes.) Two other 
combinations behave, then, in the same way as a doubly degenerate pair with respect to rotation 
about this axis. However, with respect to another three-fold axis the first linear comlnnation is not 
symxnetric (compare the above example). Thus it is the presence of more than one t*ree-fold axis 
that leads necessarily to the occurrence of triply degenerate vibrations. 

(c) Effect of symmetry operations on the vibrational eigenfunctions \ 

Since the vibrational eigenfunction is a function of the normal coordinates, its 
behavior with respect to symmetry operations depends on the behavior of the normal 
coordinates with respect to them. 


^(9 

-s 




Molecules with non-degenerate vibrations only. If a non-degenerate vibmtion, 
say Vi, is symmetric with respect to a certain symmetry element (“for ekampife, the 
vibrations vx, vz, ve of XYZ 2 in Fig. 24 with respect to the plane that is, 

if the corresponding normal coordinate is 
symmetric, it follows that its contribution 
to the vibrational eigenfunction is 
symmetric (remains unchanged) with respect 
to the particular symmetry operation for all 
values of Vi. If a normal vibration, say Vk, 
is antisymmetric with respect to a symmetry 
element [for e.xainple, the vibrations and 
Vb of XYZ 2 in Fig. 24 with respect to the 
plane o-vixz)'}, that is, if the corresponding 
normal coordinate is antisymmetric, it 
follows that since it is an odd (even) 

function of for odd (even) Vk, changes 
sign — is antisymmetric — for odd Vk but re- 
mains unchanged — is symmetric — for even 
Vk if the particular symmetry operation is 
carried out. This behavior is represented 
in Fig 42a and b. It is very important for 
the following considerations. 

The total vibrational eigenfunction 
according to (II, 42), is a product of har- 
monic oscillator eigenfunctions V'i(^i)>^ 2 (^ 2 ), 

• • • , corresponding to the '6N — 6 or ZN —5 
normal coordinates. Therefore, if there are 
only non-degenerate normal vibrations, 

the total eigenfunction will be symmetric with respect to a given symmetry opr 
eration if there is an even number of component functions ^k(Bk) that are antisym- 
metric with respect to that same symmetry operation; the total eigenfunction will 
be antisymmetric if there is an odd number of antisymmetric component func- 
tions. Its behavior with respect to the given symmetry operation is independent of 
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Fig. 42. Symmetry of vibrational eigen- 
functions of non-degenerate vibrations, (a) 
Symmetrical (b) antisymmetrical vibration- 
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the number of symmetric component functions. In other words, since, for anti- 
symmeti'ic the function is antisymmetric for odd Vk, the total vibrational 

eigenfunction is symmetric roith respect to a certain symmetry operation if the sum Vh, 
extended over all normal vibrations that are antisymmetric with respect to that symmetry 
operation, is even; the total eigenfunction is antisymmetric with respect to the same 
symmetry operation if the sum Vk is odd. ^ 

As an illustration of this rule Fig. 43 gives the symmetry properties of the total 
vibrational eigenfunction in the lower vibrational levels of the H 2 CO molecule which 
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Fio. 43. Symmetry of vibrational eigenfunctions for the lowest vibrational levels of H 2 CO. — 
The first letter iit the right of each level gives symmetry (s) or antisymmetry {a) with respectt to the 
plane of the molecule, the second letter with respect to the other plane of symmetry. 1 he third 
(capital) letter gives the species of the state (see p. 106). Except for the fundamentals (vi, v-, ■ ■ ■ »-«, 
see Table 76) all levels are calculated, neglecting the influence of anharmonicity. 

is of the type XYZ 2 (Fig. 24). The symmetry is indicated by two letters, the first 
referring to the symmetry with respect to the plane of the molecule <ri,(xy), the second 
with respect to the plane of symmetry av(xz) perpendicular to the former. In addi- 
tion, the more systematic symbols for the symmetry to be explained in the next 
subsection are given. For the designation and form of the normal vibrations, see 
Fig. 24. When, for example, two quanta of the oscillation ve, which is antisymmetric 
with respect to <Tv(xy), and three quanta each of the two oscillations Vi and v^, which 
are antisymmetric with respect to arv(xz), are e.xcited, then the total vibrational 



SYMMETRY OF NORMAL VIBRATIONS 


103 


II, 3 

function is symmetric with respect to both planes of symmetry since XIa is even 
for both. 

Molecules with degenerate vibrations- When a molecule has degenerate vibra- 
tions as well as non-degenerate vibrations, the same relations apply as for the pre- 
ceding case if the degenerate vibrations r/ are not excited by more than the zero-point 
vibration, that is, if all have vj — 0. This is because for Vj = 0 the contribution of 
a doubly degenerate vibration to the total vibrational eigenfunction is, according to 
equation (II, 56), 

which remains unchanged for any symmetry operation just as does the potential 
energy (II, 74). In such a case, therefore, and similarly for higher degeneracies, 
the total vibrational eigenfunction can only be symmetric or antisymmetric with 
respect to any symmetry operation permitted by the molecule (including p-fold 
rotations); it is symmetric when "^aVk formed as above is even, antisymmetric 
when it is odd. The same holds also for the case in which accidentally degenerate 
vibrations are excited with vj > 0 if the correct linear combinations are used. How- 
ever, it does not hold if necessarily degenerate vibrations which occur in molecules 
with more-than-two-fold axes are excited with Vj > 0. 

If a degenerate vibration is excited with one quantum (vj = 1), there are two (or 
three) different total eigenfunctions belonging to the same energy value and the total 
eigenfunction will be no longer only symmetric or antisymmetric with respect to all 
symmetry operations but will change into a linear combination of the two (or three) 
degenerate functions. In the case of doubly degenerate vibrations, the eigenfunction 
is, for any vj, given by (II, 56). In this equation, for vj = 1 we have either Va = 1, 
Vb ~ 0, or Va = 0, Vb = 1. Since the Hermite polynomial II v is of the yth degree, 


the two eigenfunctions for Vj — 1 are 



11 



and 



^jb = Ch 


(II, 84) 


where C is a constant- The exponential factor, as mentioned previously, remains 
unchanged for any symmetry operation just as does the potential energy. Therefore 
\}/ja and 4'jb must have the same behavior with respect to all symmetry operations as the 
normal coordinates and ^ji, respectively. In particular, for those symmetry opera- 
tions (for example rotation about a C^) for which and ^jb go over into linear com- 
binations 75) or (II, 76)3, 4'ia and \j/jb go over into the corresponding linear 
combinations with the same coejjicients. Similar considerations apply also to triply 
degenerate vibrations. 

Tlie symmetry of tlie total vibrational eigenfunction is, of course, again determined 
by the behavior of its factors with respect to the symmetry operations. For example, 
if in a linear triatomic molecule XY 2 one quantum each of the three normal vibra- 
tions (Fig. 25b) is excited, the total eigenfunction will be antisymmetric with respect 
to a reflection at a plane through X perpendicular to the intermiclear axis, but it 
will be ‘^degenerate’’ with respect to a rotation by an arbitrary angle about the 
internuclear axis. 
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If a degenerate vibration is excited with vj > 1 the degree of degeneracy is 
increased (see p. 80f.). It is immediately clear from (II, 56) since the factor 
IIv^(''J^j^ja)IIvJ,'^oij^jb) is no longer simply proportional to one normal coordinate, 
that the transformation properties of the eigenfunctions are rather more complicated 
for > 1 than ioT vj = 1. But, as for vj ^ 1, each one of the degenerate eigenfunctions, 
when a symmetry operation is carried out, goes over into a linear combination of the 
eigenfunctions belonging to the same energy level. As we shall see in more detail in 
subsection 3e, one set of eigenfunctions can be found consisting of independent groups 
which for a symmetry operation transform only among themselves- It may happen 
that one or the other of these groups has one eigenfunction only, which then is sym- 
metric or antisymmetric with respect to the symmetry element that causes the de- 
generacy. Thus, for example (see p. 128), if y == 2 for the degenerate perpendicular 
oscillation of linear XYa, we have a triply degenerate state. But it is possible to 
choose the three eigenfunctions in such a way that one is symmetric with respect to 
the oo -fold axis and the other two form a pair that is ‘ ‘ degenerate ” with respect to 
this axis. If the anharmonicity of the vibrations is taken into account, a splitting 
of the triply degenerate level occurs into two levels, a non-degenerate (symmetric) 
and a doubly degenerate level, with just the eigenfunctions mentioned (see section 5 
of this chapter). 

Generalization. In the preceding discussion we have derived the symmetry 
properties of the vibrational eigenfunctions from those of the normal coordinates. 
Actually the symmetry properties of the eigenfunctions are much more general and 
do not depend on the assumption of harmonic oscillations. The potential energy, 
even if it is not simply a quadratic function of the displacement coordinates [as in 
(II, 25) ]|, must be invariant to all symmetry operations permitted by the point 
group of the molecule. Therefore the Schrodinger equation (II, 40) is invariant to 
these symmetry operations and consequently the eigenfunction can only be symmetric or 
antisymmetric with respect to these symmetry operations if the state is non-degenerate, 
while it can also transform into a linear combination of mutually degenerate eigenfunc- 
tions for a degenerate state (see also Molecular Spectra I, p. 239). It can be shown 
that in the latter case the transformation is an orthogonal transformation, which for 
double degeneracy is given by (II, 75) or (II, 76). 

The same reasoning shows also that the rotational, electronic and total eigenf unctions 
can only be symmetric, antisymmetric, or degenerate with respect to any of the symmetry 
operations. 

(d) Symmetry types {species) of normal vibrations and eigenfunctions 

Thus far we have only considered the behavior of the normal vibrations and 
vibrational eigenfunctions with respect to individual symmetry operations. How- 
ever, since only certain combinations of symmetry elements occur in the various 
point groups (see p. 5f.), and since some of their symmetry elements are a necessary 
consequence of others, only certain combinations of symmetry properties of the norm, at 
vibrations and vibrational (and electronic) eigenfunctions are possible, as was first 
shown by Brester (178). We call such combinations of symmetry properties sym- 
metry types or species [following Mulliken (643)]. In group theory they are the so- 
called irreducible representations of the point group considered, a name that some 
authors prefer. On the basis of the discussions in the preceding subsection, the syrn- 
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metry types can be derived fairly easily without the explicit use of group theory for 
all molecules except those belonging to cubic point groups fsee also Placzek (700) ] 
This will be done in the following pages. For the cubic point groups we shall accept 
the results of group theory without proof- 

In every molecule there are normal vibrations and eigenfunctions that are sym- 
metric with respect to all symmetry, operations permitted by the system. These 
are called totally symmetric and this symmetry type is designated by JL or Aj or A' 
or by similar symbols (see below). 

Point groups Ci, C2, Cs, and C^. In the case of the point group Cx there is no sym- 
metry and consequently there is only one species A for the normal vibrations and 
eigenfunctions which may also be said to be symmetrical with respect to the identical 
symmetry operation I. ' 

If there is one element of symmetry only, as in the point groups C 2 (one two-fold 
axis), Cs (one plane of symmetry), and Ci (center of symmetry only), the vibrations 
and eigenfunctions may be symmetric or antisymmetric with respect to the one 
element of symmetry. Thus there are two species for each point group, the sym- 
metric one being called A, A', and Ag for C2, Cg, and Ci respectively, the antisym- 
metric one B, A", and Au respectively.^^ This is represented in Table 12 where -1-1 


TaBI.E 12. SYMMETRY TYPES (SPECIES) FOR THE POINT GROUPS C<i, C«, €{ S Sz- 
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and — 1 is used to indicate symmetric and antisymmetric. In the first line is given 
the point group (heavy type) and the symmetry operations including the identity I. 
Below are the symmetry types and the behavior of the vibrations or eigenfunctions 
having these symmetry types for the symmetry operations given in the top row. In 
the last column of each subtable are given the non-genuine vibrations, translation in 
the X, y, or z directions {Tx, Ty, Tf) , and rotation about the x, y, and z axes (JK*, Ry, Rf) 
that belong to the particular species (see also the next subsection). It is clear, for 
example, that for point group C 2 a translation in the direction of the C 2 and a rotation 
about the C 2 is symmetric with respect to the operation C 2 while the other translations 
and rotations are antisymmetric with respect to it. 

As an example, consider the plane but non-linear N3H molecule. It will have, 
according to the above, normal vibrations that are symmetric and normal vibrations 
that are antisymmetric with respect to the plane of the molecule. During the former 
all atoms remain always in the plane, during the latter they move in lines perpen- 
dicular to the plane. It may be noted that in an asymmetric triatomic molecule 
such as NOCl which belongs also to the point group C* the vibrational motion can 
take place only in the plane; that is, there are no vibrations of type A”. 

For a discussion using groui> theory throughout boo RoBcnthal and Murphy (750) and Meister, 
Cleveland, and Murray (620a). 

l^'ollowing Placzek (700) the letter A is used for all species that arc eyhametric, the letter B 
for those that are antisymmetric with respect to an axis of symmetry* As for diatomic molecules, 
species that are symmetric or antisymmetric with respect to a center of symmetry are distinguished 
by the subscript (/ and u respectively. 
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Point groups Ca®, Ca/t, and Da s V. If a molecule (point group) lias two neceasan/ 
elements of symmetry it is obvious that there are four different possible symmetry types 
(always assuming that there are no more than two-fold axes) which may be charac- 
terized briefly by -4-+, , — +, :a vibration (eigenfunction) may be sym- 

metric or antisymmetric with respect to either element of symmetry. Point groups 
of this type are C2®, C^h, and D2 ^ V. Each of these has three elements of symmetry 
(see Table 1, p. 11), but one of them is in each case a consequence of the other two; 
that is, by carrying out two of the symmetry operations in succession the same result 
is obtained as by carrying out the third symmetry operation on the original system. 
Therefore the behavior of the vibrations and eigenfunctions with respect to the third 
operation is given by their behavior with respect to the other two. For example, if 
a vibration is antisymmetric with respect to two of the symmetry operations, carrying 
them out in succession will bring the vibration back to the original form; that is, 
the vibration is symmetric with respect to the third symmetry operation. Table 13 


Table 13 . symmetey types (species) fob the point groups C2®, C^h, anb Dz s y. 
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+1 

+1 

Rz 

A 

+1 

+1 

- 1-1 

-|_1 

— 

Az 

“hi 

+1 

-1 

-1 

Rz 

All 

+1 

+1 

-1 

— 1 

Tz 

Bi 

+1 

- 1-1 

-1 

_1 

Tz,Rz 

Bi 

+ 1 

-1 

+1 

-1 

Tz,Ry 

JB(j 

+1 

-1 

-1 

+1 

Bxi By 

Bz 

+1 

-1 

- 1-1 

-1 

'Byy Ry 


+ 1 

-1 

-1 

+1 


Bu 

+1 

-1 

+1 

-1 

Txi Ty 

Bi 

+1 

-1 

-1 

+1 

Tz,Rz 


gives the designation of the symmetry types and the behavior of the vibrations 
(eigenfunctions) having these symmetry types for the point groups Ca®, Czh, and 
It should be noted that for these point groups, in consequence of the 
above connection between the symmetry operations, symmetry types in which an 
eigenfunction would be antisymmetric with respect to all three elements of symmetry 
or antisymmetric with respect to one element of symmetry only do not exist. 

As an example, consider the plane Y type molecule XYZa (for instance, H 2 CO), 
whose normal vibrations were given in Fig. 24 and which belongs to point group C 2 ®. 
It is seen that the three normal vibrations vi, vz, vs are totally symmetric, that is, 
belong to species Ai, the vibrations ^ 4 , rs belong to species Bi (if we call the plane of 
the molecule the xz plane) and vq belongs to species (vibration antisymmetric with 
respect to the plane of the molecule). There is no genuine normal vibration of 
species A 2 - But there may be vibrational (and electronic) eigenfunctions of species 
A 2 ; for example, if a vibration of species Bi and one of species B^ are each excited by 
one quantum the resultant eigenfunction will be antisymmetric with respect to both 
planes of symmetry (see p. 102), that is, will be of species Az. In more complicated 
molecules belonging to point group C 2 ® there may also be normal vibrations belonging 
to species A 2 . It is immediately seen that for all molecules of point group Ca® the 
translation in the direction of the C 2 is totally symmetric (species Ai) while the 
rotation about this axis is antisymmetric with respect to both planes of symmetry 
(species A 2 ). Similarly the species -of the other non-genuine vibrations follow, as 
indicated in the last column of each subtable in Table 13. 

Point group F;, = Da/i. If there are three necessary symmetry elements (but no 
more-than-two-fold axis) there may be eight different symmetry types of the normal 
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vibrations and eigenfunctions, that is, just as many as there are possible combina- 
tions of + and — in sets of three: 4- ++, -1- + —, d h, — 1-+, d , — -f — , 

[_^ . Xhe point group Vh, = •D2& to which the plane molecule C2H4 be- 
longs is the only one with three necessary symmetry elements that are not more-than- 
two-fold axes. As such necessary symmetry elements we may choose any three 
independent ones of the seven elements of symmetry (see Table 1), for example, the 
three mutually perpendicular planes of symmetry <x{xy), (r{xz), cr{yz). The possible 
behavior of normal vibrations (eigenfunctions) with respect to these three elements 
is given in columns 3, 4, and 5 of Table 14. All the eight possibilities mentioned 



44. Normal vibrations of an X 2 Y 4 molecule of point group Vh > — It is aasumed 
that tho mass of X is larger than that of Y as in Call-i or CaDi- 


;d)ove ai'c given. The designations of these species (symmetry types) are indicated 
in tlie first column. 

Since an inversion may be replaced by successive reflections at three mutually 
perpendicular planes, the behavior of the normal vibrations of point group Vh with 
respect to an inversion (column 0) may be obtained simply by multiplying together 
columns 3, 4, and 5 in Table 14. Since a rotation by 180® about a two-fold axis 
may be replaced by an inversion followed by a reflection, at a plane perpendicular to 
the two-fold axis (see i). 5), the behavior with respect to the three (columns 
7, 8, and 9) is obtained by multiplying columns 3, 4, and 5 respectively by column 6. 

As an exainph;, in Fig. 44 tlie normal vibi’ations of a plane molecule X2Y4 of , 
point group Vh (such as etliylene, C2H4, see p. 325) are given. For each vibration 
the species to which it belongs is indicated. The correctness of this assignment can 
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easily be verified by the reader with the help of Table 14. Unfortunately the desig- 
nation in this case is not unambiguous, since any one of the three C^s, may be chosen 
as z axis. In the figures the z axis has been assumed to be perpendicular to the plane 
of the molecule and the x axis in the line X — X. It is seen that there are three 

Table 14. symmetry types (species) for the point OROtrp Dzh = Vh - 




cr{xy) 


cr{xz) 


o-(ys) 


CAz) 


c^iy) 




■A. -II 
Siff 

Biu 

Bug 

Biu 

Bsg 

Bzu 


-1-1 

-hi 

-1-1 

-1 

-hi 

+1 

-hi 

-1 

-hi 

-1 

-hi 

-hi 

-hi 

-1 

-hi 

-hi 


+ 1 
-1 
-1 
+1 
+1 
-1 
-1 
+1 


+1 
— 1 
-1 
+1 

+1 
+1 
— 1 


+1 

-1 

+1 

-1 

4-1 

-1 

+1 


+1 
-j-l 
+1 
”1-1 
-1 
— 1 
-1 
-1 


+1 

+1 

-1 

-1 

+1 

+1 

-1 

-1 


-|-1 

+1 

-1 

-1 

-1 

-fl 

•+•1 


Bz 

Tz 

By 

'^y 

Rt. 

Tz, 


totally symmetric vibrations (species Ag) and that there are one or two of each of 
the other species with the exception of Bzg. The reason why there is no vibration of 
this species, and also the determination of the number of vibrations of each of the 
other species, will be explained in the next section. There may, however, be eigen- 
functions of the species Bzg- 

Degenerate symmetry types. As mentioned before, in a molecule having at least 
one more-than-two-fold axis we have always degenerate as well as non-degenerate 
normal vibrations (eigenfunctions). In this case, in addition to symmetry types 
similar to the above, we have one or more degenerate symmetrij types {species) usually 
designated by E if doubly degenerate and by F if triply degenerate.^^ While the 
influence of the various symmetry operations on the non-degenerate vibrations or 
eigenfunctions can be simply characterized by +1 or —1, such cannot be done with 
the degenerate vibrations and eigenfunctions, since in general they go over into a 
linear combination according to the previous equation (11,62). It can be shown 
that it is sufficient for the characterization of the behavior of a degenerate vibration 
or eigenfunction to give for every symmetry operation the value of the sum 

X — daa +• dbh -|- • * ‘ (11) ^h) 

of the coefficients with two equal subscripts in the equations (II, 62). In group 
theory these sums are called characters of the irreducible representation (species) con- 
sidered (see p. 104). In forming these characters it is assumed that the normal 
coordinates or eigenfunctions are mutually orthogonal. The characters are inde- 
pendent of which particular orthogonal pair is chosen (for example, for Xa the pair 
in Fig. 32a or that in Fig. 33b) and which coordinate system is used. 

For doubly degenerate vibrations the sums in (II, 85) consist of two terms only 
{daa + d&h) and can easily be obtained on the basis of our previous discussion (see 
below). For triply degenerate vibrations or eigenfunctions we shall accept without 
proof the characters given by group theory []Wigner (923)]. For non-degenerate 
vibrations the sums (11,85) consist of one term only, which is +1 or -1 since 

Some authors use T in place of F. 
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ki = The values +1 and —1 given in Tables 12-14 are these 

characters for the point groups C^, Cg, Ci, C^v, Cih, V, and Vn- 

For the identical transformation I we have ^a' = ka, kb' = kb, ke = kc if ka, kb, kc 
are three mutually degenerate vibrations or eigenfunctions. Therefore, for a triply 
degenerate vibration, = 4-3. Similarly, for a doubly degenerate vibration, 
— -f. 2 and of course for a non-degenerate vibration, = 4-1. For a rota- 
tion by an angle 27r/p about a p-fold axis the character of a doubly degenerate vibra- 
tion according to (II, 75) and (II, 77) is 2 cos (2Tr/p)l. The same character corre- 
sponds to a rotation by an angle — 2ir fp, as can immediately be seen from (II, 75). 
The operations rotation by 4- 27r/p and rotation by — 2Trlp are said to belong to 
the same class}^ Similarly the rotations by = 1 = 2 - 2 x/p have the same character 
2 cos ( 2 x/p) 2 Z and belong to the same class (which is different from the former class) - 
Similarly the characters of a given (degenerate or non-degenerate) species for a 
reflection at any one of the p vertical planes of point group Cpv or for a rotation about 
any one of the p two-fold axes of point groups Dp and Dpu are the same. These 
symmetry operations therefore belong to the same class. 

For non-degenerate symmetry types it is easily seen that different behavior 
(different characters) for two of the planes (or two of the _L Cj,) would lead 
to a contradiction to the fact that the vibration or eigenfunction must be symmetric 
or antisymmetric with respect to the Cp. For doubly degenerate symmetry types 
it was shown on p. 98 that the reflections at tr,, or rotations about the Ca's are 
represented by the transformation (II, 76). Therefore for them the character 
X = ^aa 4- dbh — 0, independently of the angle /3. 

As we have seen previously, mutually degenerate vibrations (eigenfunctions) 
always have the same behavior with respect to an inversion. Therefore the character 
of a doubly degenerate species for the inversion is either 4-2 (when both components 
are symmetric) or —2 (when they are antisymmetric); for a triply degenerate species 
it is either 4-3 or —3. Similarly for a reflection at a plane crh perpendicular to Cp 
(see p. 97f.), the character of a doubly degenerate vibration is either 4-2 or — 2 . 

On the basis of the preceding discussion, we can now proceed to discuss the sym- 
metry types (species) of normal vibrations and eigenfunctions for the more imi^ortant 
point groups with more-than-two-fold axes. 

Point groups Czv and Ds- According to our previous discussion (p. 89), a vi- 
bration or eigenfunction can only be symmetric or degenerate with respect to a three- 
fold axis, but not antisymmetric, since p = 3 is odd. Consequently there are for the 
point groups Czv and Da only two species of non-degenerate vibrations, both symmetric 
with respect to C 3 : one is symmetric with respect to the three planes or three Cs’s, 
the other is antisymmetric. They are called Ax and Jl 2 . There can be no vibrations 
or eigenfunctions that are symmetric with respect to one and antisymmetric with 
respect to another of the planes cr„ or the Gz’b (see above). 

For both point groups only one degenerate species occurs, since according to p. 
89 only Z = 1 is possible and since there is only one possible behavior with respect 

In group theory a class is formed by those elements of a group that are conjugate to one 
another, that is, can be obtained from one element 8 by forming ist^^ where i may be any element of 
the group [^see van der Waerden (23)]. The number of irreducible representations (our symmetry 
types or spccicB) equals the number of classes of the group (in our case classes of symmetry elements 
of the point group). 
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to the tlirco or tlio tliroc represented by tlic c(,|Uciiious (II, 76) <iiul Icndijig 
to the character x = 0. The character for the operation Ca, according to the above, is 

Stt 

= 2 cos — a -= 2 cos 120^ = - 1. 

P 

Altogether we have thus three different types (species) of vibrations or eigen- 
functions in the point groups and Da* These are summarized together with their 


TaBL^3 15. SYMME3TBY TYPBS (sPEGIKB) AND CHAKACTBRS FOB THE POINT GKOtIPS Csy AND D 3 


Csv 

I 

2(73(3) 

3(Tv 


I>Z 

I 

2(73(3) 

3^2 


At 

+1 

+ 1 . 

' +1 


Ai 

+ 1 

+1 

+1 


A 2 

+1 

H-l 

-1 

Rz 

Az 

+ 1 

+1 

-1 

T I^z 

E 

+2 

-1 

0 

Exy Ky 

E 

*4“^ 

-1 

0 

'P'Ui Ey 



l^iG 45 NoriDLal vibrations of the NDa niolecule. — Fho vibrations are drawn to soalo foi 
(see p. 177) in oblique projection. (For NH;, the lar^e mass ratio of N to H would not have allowini 
the displacement vectors of N to be drawn to the same scale as those of H). Both comiionentH ol the 
degenerate vibrations are shown. The broken-line arrows in ro and give the symmetry (‘oordinates 
of Fig. 58 (see p. 155). They are added so that the form of the vibrations can be more clearly viHuni- 
ized. In vzb there is a very small displacement (top small to show in the scale of the tiiagi am) Ihc 
left D nucleus parallel to the line connecting the two other D nuclei (see also the discussion of hig. 
60 on p. 171). It should be noted that vaa and vta are symmetric, vat, and VAh antisymmetric with 
respect to the plane of symmetry through the left D nucleus, that is, the plane of the paper. 

characters in Table 15. In this table the numbers 2 and 3 respectively in front of Cs, 
(Tv, C 2 indicate the number of operations of the particular class (see above). We have 
seen previously (p. 90 and p. 97) that the translations in the x and y direction and 
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tliB lotations about the x and y axes are degenerate non-genuine vibrations (last 
column of each subtable). 

As an example, in Fig, 45 the normal vibrations of the ND 3 molecule which belongs 
to point group are represented to scale (see p. 177). There are two totally sym- 
metric vibrations (species Ai) and two degenerate 
vibrations (species E) . During the former oscilla- 
tions the molecule remains always a symmetric 
])yramid, but it does not during the latter. There 
are no genuine vibrations of species A 2 , but the 
rotation about the z axis has this type. Also 
some eigenfunctions of the higher vibrational 
levels of the degenerate vibrations vz and Vi may 
have this species. Such an eigenfunction is rep- 
resented schematically by Fig, 46. It is antisym- 
metric with respect to all three planes (r„. The 
molecule HgC — ^CCb, if it belongs to point group 
Cju (as is very likely), will have a genuine normal 
vibi’iition of species A 2 — the torsion oscillation 
of tlie two groups CH3 and CCI3 with respect to 
eacli other about the C — C axis. 

Point group Csv The symmetry types for 
the [)oint group Cgv are in all respects similar 
to those of Ciiv except that now we have two types of degenerate vibrations, namely, 
tliose with 2=1 and those with 2 = 2 (see p. 93) which are distinguished as Ei 
and E'i. The characters are given in Table 16. In this table means a ro- 


'I'MiCC 10 . HYMMKTUY 'YYIMOS (SPICCIICS) AND CHAKA<JTK11S FOR THE POINT GROUP Cbc- 


Ci„. 

/ 

2(76 

2C'62 

bcTv 


-ll 

i 

"1“ 1 

-f - 1, ' 

+ 1 

■ 


+ 1 

+ 1 

+ 1 

— 1 

Rz 

I'tl 

H-2 

2 cos 72° 

2 cos 144*^ 

0 

Txy Tyy Rxy Ry 


+2 

2 cos 144° 

2 cos 72 ^ 

0 




Fig. 46. Eigenfunction of sym- 
metry type A‘z in a molecule of point 
group Cs®. 


tation by ± 2 'r/p -2 = ± 144° about tlve five-fold axis which is a symmetry opera- 
tion distinct from the rotation by d= 27r/p = 72° (a rotation by d= 2 t/p* 3, however, 
leads to the same result as one by ^ 27r/p-2 and therefore is not a separate symmetry 
element) . The characters of the degenerate species with respect to C 5 are 2 cos (27r/5)2 
(see p. 109); with respect to they are 2 cos (27r/5)22, which gives the values 
in Tal)lc 16. 

The same symmetry types and characters as for Cbv apply to the point group, D 5 
if only 5<r„ in fable 16 is replaced by 5 ( 72 . The symmetry types and characters for 
point groups Cy,, and Dy would be similar to those for Cbv and D 5 except that there 
wouhl Ix^ three <legencrate species (2 = 1, 2 , 3) which would be designated Ei, E 2 , F». 

Point group Ccf,v Just as for the point groups C3,, and Cbv, for Coci; there can be 
110 symmetry types that are antisymmetric with respect to rotation about the axis 
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of symmetry (here by an arbitrary angle <p). Thus there are the same^iwo non- 
degenerate symmetry types. They are, however, here designated and S in order 
to have agreement with the accepted nomenclature for electronic states of (hetero- 
nuclear) diatomic molecules which also belong to the point group €«,»• According 
to (II, 77) the number I can assume the values 1, 2, 3, • • • up to infinity, and there 
are therefore an infinite number of degenerate symmetry types. They are designated 
n A • • - as for diatomic molecules. Table 17 gives the characters. 


Table 17. symmetry types (species) and characters for the point group Coov. 



I 

2Ct, 




00 (Tv 


S- 

n 

A 

4* 

_1_1 
+ 1 
+2 
-[-2 
+2 

+ 1 
+ 1 

2 cos <p 

2 cos 2<p 

2 cos 3^ 

+ 1 
+ 1 

2. COS 2<p 

2 cos 2*2<^ 

2 cos 2-3ip 

+1 
+ 1 

2 cos 3(p 

2 cos 3*2<p 

2 cos S‘3<p 


+ 1 

0 

0 

0 

Tz 

Rz 

T*, T^, R^, Ry 


As an example, Fig. 47 shows the normal vibrations of a linear XYZ molecule 
(see also Fig. 61). For any number of atoms the normal vibrations belong to the 
species and H (see section 4 of this chapter), but the eigenfunctions of the liigher 

vibrational levels of the perpendic- 



P 3 o— > 0—¥ 4—0 

Fig. 47. Normal vibrations of a linear 
XYZ molecule. 


2+1 ular vibrations (p 2 of XYZ in Fig. 47) 
may have species S~, A, — (see 
the next subsection). 

That the designations of the species of 
j-j C«,„ used here are really equivalent to those 
used for the electronic states of diatomic mole- 
cules is obvious for and since the sym- 
metry properties are the same (see Molecular 
Spectra I, p. 238). It is also easily seen for 
n. A, ■ • • : The electronic eigenfunctions of a 
diatomic molecule in a 11, A, ■ • • state are 
giyen by (see Molecular Spectra I, p. 233) 

xe^^'P and (H. 8(5) 


where y and v do not contain the azimuthal angle <p. Rotation by the angle tp will therefore multi- 
ply the first function by the factor and the second function by c * so that the character is 
giAv> _ 2 COS A<p as for II, A, • • • in Table 17 if A is identified with Z. 

One may also say that in C3. (and see below) the typo E corresponds to R; but there are no 
analogues of A, 4 >, •••. Similarly, for (and Cu) the types Ei. and E2 correspond to II and A 
of linear or diatomic molecules. 


Point groups Civ, Da, and Did ^ V a- If a molecule has a p-fold axis (C„ or S,) 
with even p, an oscillation or eigenfunction may also be antisymmetric with respect 
to this axis (see p. 83). Therefore there are twice as many non-degenerate sym- 
metry types as for odd p. In the case of C^v the p planes or„ must be divided into 
two classes, p/2 planes called o-„ and p/2 planes called Cd (the latter being diagonal to 
the former), since the transformation properties (the characters) of these two sets 
are different. It is immediately seen (compare for example Fig. Ig and 1 ) that a 
reflection of the molecule at Cd can be replaced by a reflection at (r„ and a subsequent 
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rotation by 2Tr/p about the Cp. Only the Cp and the ip/2)<TvB are necessary sym- 
metry elements and the four non-degenerate symmetry types correspond to the four 

combinations +■+, d — , — h, of behavior with respect to these two operations. 

The behavior with respect to a-d, which is not always the same as that with respect 
to (Tv, follows by multiplication of the behavior (character) with respect to Cp by 
that with respect to cr^,. 


Table IS. symmetry types and characters for the point groups Cav, i>4, and Dzd — Vj. 


Civ 

I 

2 Ciiz) 

Ci^=a/' 


2 <rd 


Di 

I 

2Ci(,z) 

Ci^ = C2" 

2C2 

20/ 

b 

III 

I 

2S4(z) 


2(72 

2 cra 

Ai 

+1 

+1 

+1 

+1 

1 ... . ^ 

+1 

Ti for Civ 

A.2 

+1 

+1 

+1 

-1 

— 1 

Ts for Di ; Rx 

Bi 

+1 

-1 

+1 

+1 

-1 


Bi 

+1 

-1 

"f"i- 

-1 

+1 

Tx for Vd 

E 

■4-2 

0 

-2 

Q 

0 

Tx, Ty, Rxt By 


The characters for Civ that result in this way are given in Table 18. It includes 
also the degenerate species E which is the only one possible, since only 1=1 can occur 
(see p. 91). The character of this degenerate species with respect to Ci is 2 cos /3 
= 2 cos 27r/4 == 0. The rotation about the two-fold axis CY' that is coincident with 
Ci is identical with two successive rotations by 2x/4 about Ci. Therefore all non- 
degenerate vibrations or eigenfunctions are symmetric with respect to it. But both 




Fig. 48 . Normal vibrations of a pyramidal XY^ molecule (schematic). — Only one component 
of eacjh of the deKonerato vibrations is shown. The other is obtained from the one given by rotation 
of the diagram by 90 ° about the axis of symmetry (compare the similar situation for X4 in Fig. 
37 p. 92 ). 

components of a degenerate pair are antisymmetric with respect to this symmetry 
operation, as can immediately be seen from (II, 75). Therefore the character is — 2 . 
The characters of E for <t„ and ud are 0 from the same reasons as for the point groups 
Czv and Cb„. In Fig. 48, as an example, are illustrated the normal vibrations of a 
pyramidal XY 4 molecule. There are genuine vibrations of every species except A 2 . 
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The point groups and Dad = ^d have symmetry elements that are entirely 
similar to those of C 4 „ and with respect to which the vibrations and eigenfunctions 
behave in the same wayt The (74 of D 4 and the Si. of Dad correspond to the C 4 of C4,,, 
the (ja’s perpendicular to Ci or >84 correspond to the and Cd^s of C 4 ®. Therefore 
the point groups have the same symmetry types and characters as Civ The symmetry 
types are also designated in the same way. Thus it is not necessary to give special 
tables for them. Instead, their symmetry elements have been added at the top of 
Table 18. Point, groups that have the same number and characters of their sym- 
metry types such as Civ, D 4 , Dad, are called isomorphousl^ 

Point groups C^v and De- The symmetry types and characters of the point 
groups Ce® and De given in Table 19 are similar in all respects to those of Civ and D 4 
except that now there are two types of degenerate vibrations (eigenfunctions) Ei and 


Table 19. symmetry types (species) and characters for the point groups Cd, and 


Cqv 

.1 

2Cz{z) 

2CV = 2C';, 

ci=Cz" 

3(71) 

SoTrf 

' 

Dz 

I 

2(7«(3) 



3Cz 

sc-/ 


Ai 

“b 1 

+ 1 

VI 

4- 1 

+ 1 

4-1 

T, for C«,. 

Az 

+ 1 

+ 1 

+ 1 

+ 1 



T, for A)! R: 

Bi 

+ 1 


' +1 

-1 

4-1 

-1 


Bz 

+ 1 

-1 

+•1 


-"•I 

+ 1 


El ■ 

+2 

+ 1 

_1 

— 2 

0 

0 

Tv R^, «// 

Ez 

+2 

-1 

-1 

4-2 

0 

0 



E'l, corresponding to Z = 1 and 1 = 2 (see p. 94).^®"' The characters ol tliese de- 
genei'aite species are: for Ca, 2 cos 27r/6 = -f- 1 and 2 cos (27r/6) 2 = — 1 respectively; 
for = Cz, 2 cos ( 27 r/ 6 ) 2 - 1 = — 1 and 2 cos (27r/6) 2-2 = - 1 respectively; and for 

= CV', 2 cos (27r/6) 3-1 = — 2 and 2 cos ( 2 x/ 6 ) 3-2 = -|- 2 respectively. The 
characters for C2" imply that degenerate vibrations or eigenfunctions of species Ei 
are antisymmetric, those of species E2 are symmetric with respect to C 2 ". 

Point groups Dzd (^Szv) and Did (=S 8 »)- Just as the symmetry types and 
characters of Dzdi^Vd) are the same as those of Civ (see Table 18), the symmetry 
types and characters of Dza are the same as those of C&v’, but since Dzd has a center 
of symmetry (i = Sf) they are designated in a different way and are therefore given 
separately in Table 20. As previously, the subscripts g and u are used to denote 
symmetry and antisymmetry with respect to the center of symmetry. 

In Fig. 49 a the normal vibrations of an XgYe molecule are given, assuming that 
it has the staggered form, that is, that it belongs to point group Dzd- CoHo may be 

The previously discussed groups Civ, -Da, Ca/t are also isomorphous as are Czv and Dz although 
for the former the designation of the species is different (see Table 13). 

Some authors [^see for example Sponer and Teller (802)] use E~ and £?"*" for our /i'j and Ei 
whore the — and + signs indicate antisymmetry and symmetry with respect to Ct". However this 
nomenclature is not applicable to point groups with five and higher than six fold axes (see C5,, above) 
and has therefore not been adopted here. The designation Ei, Ez, • • • is due to Tisza (867) [see also 
Jahn and Teller (471)]. Mulliken (641) used E*, E**, • • • in place of Bi, Ez, but now als*.' 
favors the latter. 
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Fig. 49. Normal vibrations of an X 2 Y 6 molecule (schematic), (a) Assuming point group ZJjrf. 
(b) Assuming point group Dzh - — Only one oomponont of each degenerate vibration is given in side 
and front view. For the other components of vt, vk, rio, vn see Fig. 45. The other components of 
ri) and vn are obtained from those given by rotating all vectors by 90°. 
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an example of this. With the exception of A2g there are vibrations of every sym- 
metry type. There may, of course, be eigenfunctions of species A^g. 


Table 20. symmetry types (species) and characters for the point group Dsa ( = Sev )- 


Dzd 

I 

2S6(3) 


III 

III 

xn 

3(72 

Sad 


^la 

+1 

-t-1 

+ 1 

-1-1 

-t-1 

-fi 



+1 


-t-1 

-1 

+ 1 

-1 



- 1-1 

+1 

-t-1 

+l 


-1 



+1 

-1 

-1-1 

-1 

-1 

-t-1 


Eg 

-f2 

-1 

-1 

+2 


0 

Rx, Ry 

Eu 


+1 

1 

-1 

-2 


0 

Txy Ty 


The symmetry types and characters of point group Did are given in Table 21. Since there is 
an eight-fold axis of symmetry (iSs) there are three degenerate species. The characters given are 
easily obtained from equation (II, 75). The isomorphous groups Csv and Da have the same species 
and characters. 


Table 21. symmetry types (species) and characters for the point group Did ( = Ss „). 


Did 

I 

2Ss(z) 

2S&^^2Ci 

2S&^ 

584 = C2" 

4(72 

40* ^ 


Ax 


+ 1 

-i-1 

+ 1 

■fl 

-fl 

- 1-1 


A 2 

-hi 

-fl 

-hi 

-fl 

“hi 

-1 

-1 

R. 

Bi 

-|“1 

—1 

-fl 

-1 

-t-1 

-fl 

-1 


Bi 

-t-1 

-1 

- 1-1 

-1 

-fl 

-1 

-t-1 


El 

-1-2 

-f VS 

0 

-Vi 

-2 

0 

0 

'1\, Ty, 

Ei 

-1-2 

0 

-2 

0 

4-2 

0 

0 

Ez . 

-[-2 

- V 2 

i 

0 

-f Vi 

-2 

0 

0 

Rx, Ry 


Point groups Ds/t and Dsh. Since the necessary symmetry elements of Dp^ are 
the same as for Dp or Cpv, except that for Dph there is in addition a plane of symmetry 
0-/1 perpendicular to the p-fold axis, we have for every one species of Dp or Cj,„ two 
species of Dph, one that is symmetric and another that is antisymmetric with respect 
to cTh. For odd p they are distinguished by ' and " added to the symbols used for 
the corresponding Dp. They are given for Ds/i and Dba in Table 22. The two 
components of a degenerate species are either both symmetric (E') or both anti- 
symmetric (E") with respect to <r;, (see p. 97 f.) ; therefore the corresponding characters 
are -|-2 and —2 respectively. The characters for the symmetry operations /?.-(, Sn, 
and o'v are immediately obtained from those for the necessary symmetry elements 
if it is realized that these operations are equivalent to C,i X (th, C& X erh, X (fh, 
and Ci X a-ji respectively. 

The normal vibrations of X3, X3Y3, and Xs given in Figs. 32 a, 36 , and 38 a are 
examples for the symmetry types of D3/1 and jDba- A more complicated example for 
D3/1 is the eclipsed form of X2Y6, for which the normal vibrations are given in Fig. 49 b. 

Point groups Djiu and Dioi. In the point groups Dph with even p, the necessary 
elements of symmetry imply a center of symmetry i, and therefore the symmetry 
types, which are in the same relation to Dp as for odd p, are not distinguished by ' 

,Tahn and Teller (471) interchange Bi and 
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Table 22. symmetry types (species) and characters for the point groitps Dzh and Df,h. 


Dzh 

I 

2Cz(.z) 

3C2 

(Th 

253 

3cr^ 


Ai' 

+1 

+1 

+1 

+1 


+1 


Ai" 

+1 


+1 

—1 

-1 

-1 


Az' 

-1“1 

+1 

-1 

+1 

+1 

-1 

R. 

Az" 

+1 

+1 

-1 

-1 

-1 

+1 

T, 

E' 

+2 

-1 

0 

+2 

-1 

0 

T., Ty 

E" 

+2 

_1 

0 

—2 

+1 

0 

Rx, Ry 


Dj^h 

■ 

2Cn 

2Cf2 

CTh 

6(72 

B 

25fi 

256® 


Ay' 

+ 1 



“f"l 

+ 1 

+1 


“hi 


Ay" 

+ 1 



! -1 

+ 1 

~1 


-1 


A/ 

+ 1 



+1 


-1 

+1 

-f-l 

Rz 

A/' 

+ 1 



_1 

-1 

+1 

—1 

-1 

T, 

El' 

+2 

2 cos 72° 

2 cos 144^ 

+2 

0 

0 

+2 cos 72° 

+2 cos 144° 

Tx, Ty 

El" 

+2 

2 cos 72° 

2 cos 144° 

—2 

0 

0 

-2 cos 72° 

—2 cos 144° 

Rx, Ry 

Ez' 

--|--2 

2 cos 144° 

2 cos 72° 

+2 

0 

0 

+2 cos 144° 

+2 cos 72° 


Ei" 

+2 

2 cos 144° 

2 cos 72° 

-2 

0 

0 

—2 cos 144° 

—2 cos 72° 



Table 23. symmetry types (species) and characters for the point groups !><;, and jDb/i- 


D,h 

I 

moi 


2(72 

2C-/ 

<rh 

2<Xv 

2 era 

2Sa 

S2=i 



“hi 

+1 

+1 

-hi 

-hi 

“hi 

-hi 

4"1 

“hi 

-hi 


lu 

+1 

+1 

+1 

“hi 

-hi 

— 1 

-1 

-1 

-1 

-1 


A.2g 

+1 

“hi 

+1 

-1 

-1 

-hi 

-1 

-1 

-hi 

-hi 

Rz 

A^u 

+1 

+1 

+1 


““1 

“^1 

-hi 

-hi 

-1 

-1 

Tz 


+1 

-1 

+1 

-hi 

““1 

+ 1 

-hi 

—1 

-1 

+1 


Riu 

+1 

-1 

+1 

-hi 

-“1 

— 1 

-1 

+1 

-hi 

-1 


Buy 

+1 

-1 

+1 

-1 

“hi 

“hi 

-1 

-hi 

-1 

-hi 


B-2a 

“h 1 

-1 

-hi 

-1 

-hi 

-1 

+1 

-1 

-hi 

-1 


Ey 

“h^ 

0 

-2 

0 

0 

-2 

0 

0 

0 

-h2 

Rx, Ry 

Eu 

+2 

0 

-2 

0 

0 

4-2 

0 

0 

0 

-2 

Tx, Ty 


Df^h 

/ 

2C7o(;!) 

2CV2^2C7:, 


3C’2 

30-/ 

<Th 

30*1; 

3<r,/ 

2aS(5 

253 

5o®=52 = 4 


Ala 

-hi 

-hi 

41 

-hi 

+1 

-1-1 

41 

-hi 

-hi 

-hi 

41 

41 


Aiti 

-hi 

-hi 

41 

-hi 

41 

-hi 

-1 

— 1 

-1 

-1 

-1 

-1 


A ‘2a 

-hi 

-hi 

-hi 

-1-1 

-1 

““1 

-hi 

— 1 

— 1 

4 1 

-hi 

-hi 

Rx 

^211 

-hi 

“h 1 

-hi 

41 

-1 

-I 

““1 

-1-1 

-hi 

-1 

-1 

-1 

Tx 

Bia 

4-1 

-1 

41 

-1 

4 1 

-1 

-“1 

-1 

-hi 

41 

-1 

41 


By a 

-hi 

-1 

-hi 

-1 

“h 1 

-1 

-hi 

— h 1 

-^1 

— 1 

-hi 

-1 


Baa 

-hi 

““1 

_hi 

-1 

-1 

-hi 

-1 

— h 1 

-1 

41 

-1 

-hi 


B-2,1 

-hi 

— 1 

-1-1 

-“1 

-1 

-hi 

4 1 

-1 

41 1 

-1 

-hi 

-1 


Ely 

-h2 

41 

-1 

-2 

0 

{) 

-2 - 

0 

0 1 

— 1 

H-l 

-h2 

Rx, Ry 

Eiu 

4"^ 

“hi 

-1 

—2 

0 

0 

42 

0 

0 

41 

-1 

-2 

Tx, Ty 

E‘2u 

+2 

““1 : 

-1 

42 

0 

0 

+2 

0 

0 


-1 

-h2 


E.2u 

”h2 

“-1 , 

_i 

42 

0 

0 

— 2 

0 

0 

4-1 

-hi 

-2 
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and " but by a subscript gr or u depending on whetlier they are symmetric oi anti- 
symmetric with respect to the center of symmetry- Table 23 gives the symmetiy 
types and characters of £>4^ and as obtained from those of £>4 and £>6 of Tables 
18 and 19. Again the characters for i, ffv, era, ^84, 8'c, ^3 are obtained in a way anal- 




ogous to the one indicated above for Dzh and D^h. The normal vibrations of X4 
and Xe given in Fig. 37 and Fig. 40 are examples for the symmetry types of £>4/, and 
i>6/^ respectively. As a more complicated example, Fig. 50 gives the normal vibra- 
tions of a plane XgYo molecule (see CcHe, Chapter III, p. 302) . 


Point group Linear symmetric molecules belong to point groui) £)«/». The 

symmetry types of Dtxih are cjuite analogous to those of Dph with odd p except that 
there are now an infinite number of degenerate species corresponding to I ~ 1, 2, 
3 - - • . The designations are chosen the same as for the electronic states of homo- 
nuclear diatomic molecules. They are given together with the characters in Table 24. 
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In linear syminetric molecules (Dooa) only normal vibrations of tlie species 

and occur (see section 4a). This is illustrated by the normal vibrations 
of linear X 2 Y 2 (for example C 2 H 2 , see p. 288) in Fig. 64 p. 181 (compare also XY 2 in 


Table 24. symmetby types Ospecies) and characters for the point group DooH^ 



/ 

00 


2(jz<P 


(Th 

00 C 2 

oo<rp 


2S^<i> 

ao 

... 

S2^i 



S + 

ZjQ 

s.- 

2u- 

n. 

ri„ 

A(, 

A„ 

+ 1 
+ 1 
4-1 
4"1 
+2 
4-2 
+2 
4~2 
+2 
4-2 

+1 

+1 

4” 1 
+1 

2 cos <p 

2 cos <p 

2 cos 2<^ 
2 cos 2<^ 
2 cos 3 <p 
2 cos 3v? 

4“ 1 
+1 

4-1 

4”1 

2 cos 2 ip 
2 cos 2<p 
2 cos 4^ 
2 cos 4<p 
2 cos dip 
2 cos dip 

+ 1 

4-1 

+1 

+1 

2 cos 3 ip 
2 cos 3 ip 
2 cos dip 
2 cos dip 
2 cos 9 ip 
2 cos 9ip 


+1 

-1 

+1 

-1 

-2 

+2 

4"2 

~2 

"~2 

-f2 

+1 

-1 

-1 

+1 

0 

0 

0 

0 

0 

0 

+1 

+1 

—1 

—1 

0 

0 

0 

0 

0 

0 

+ 1 
-1 
+ 1 

—2 cos <p 
4*2 cos ip 
4-2 cos 2<p 
—2 cos 2 ip 
—2 cos Sip 
~|“2 cos 3^ 

+ 1 
-1 
+ 1 
-1 

—2 C03 2<p 

+2 cos 2(p 
+2 cos 4:(p 
—2 cos 4<p 
—2 cos 4^0 
-i-2 cos 4<p 


4“1 

-1 

4-1 

-1 

4-2 

-2 

4*2 

+2 

—2 

T, 

Rz 

Rxy Ry 

Tr. Ty 


Fig. 25b). However the eigenfunctions of the higher vibrational levels and of the 

electronic states rnay also be of any one of the other species. 


Point groups Cp. The symmetry types of the (not very important) point groups 
Cjj, which have a p-fold axis only (p > 2 ), are obtained from those of the point groups 
Cp^ (Tables 15-19) by dropping the symmetry elements and <Td and therefore by 
dropping the distinction between Ai and A 2 , between Bi and JS 2 , and between S+ 
and S . Thus there is only one non-degenerate species (A or 2 ) for C 3 , Cb, and Coo, 


TaBLK 25. SYMMKTKY TYPES (SPECHOS) AND CHAKACTER8 FOR THE POINT GROUPS C 3 , C 3 , AND Sg. 


C-i 

1 

2(7:, 


A 

li 

+ 1 
+2 

+ 1 

2 cos 120° = - 1 

Ty, /4., Ry 


Cg 


I 

c. 

C'c^sC:, 




s« 

I 



1 

III 

A 

Ay 

+i 

+ 1 

+ l 

+1 

7 % for C((, R;, 

B 

Bu 

4" 1 


+ 1 


. 7% for So 


Ru. 

+2 

+1 

-1 

— 2 

Rr, R„ for Cg, 71,, Ty 

It 2 

a 

+2 

~1 

-1 

+2 

Rx, Ry for Sg 


and only two (A and B) for C 4 and Cq. The number of degenerate species is the 
same as for Cp„. In Table 25 the symmetry types and characters for C 3 and Co are 
given. The reader can easily construct similar tables for C5, Coo, C4, from the 
corresponding tables for Cbv, Coov, C 4 ,,. 

For some conaiderations it ia necessary to take account of the fact that the degenerate vibrations 
and eigenfunctions of the point groups Cp are separably degenerate (see p. 99). The complex 
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normal coordinates or eigenfunctions given by (II, 81) are not mixed by any of the symmeti'y opera- 
tions. Therefore the characters are frequently given for each component separately. They are 
simply the (complex) factors by which the normal coordinates (or eigenfunctions) are multiplied 
for the respective symmetry operations. These characters are given in Table 26. If the two 

Table 26. symmetry types anb characters eor the point group Ca, 

TAKING account OF SEPARABIL.ITY- 


Cz 

I 

C'a 




A 

+ 1 

+ 1 

+1 



E 

1 +1 


i/Z 

T^+iT,„ R^.+iRA 


\ +1 


^%Tri!z 

Tx “i'Ey, Rx %Ry J 


vibrations of a pair are considered together, the character is the same for Cz and Cz^ ^ Ca; but for 
each individual one of the separated degenerate normal coordinates they are not the same. For 
one of them the characters are (see p. 99) ^2*2^^73 and Cz^ respectively, and 

for the other they are the conjugate complex of these values. This is why there are now two columns 
Cz, Cz^ instead of the one column 2Cz in the table of characters. It may be noted that the sums of 
the characters of the pair of separably degenerate vibrations are +2, 2 cos 120®, 2 cos 120®, that is, 
they are the characters given in Table 25. 

For the other point groups Cp the characters are similar. In particular, for the operation Cp 
they are and for the two components of JSi, they are 

components of JB 2 - 


TaBLE 27. SYMMETRY TYPES ANB CHARACTERS FOR THE POINT GROUPS Ca/t, CaIl, AND Co/i. 


CsA 

I 

1 

Ci 

CTh 

1 

s, 

C 4 /. 

I 

C 4 


(Th 

1 ^^'4 

S->=i 


A' 

+ 1 

■+1 

+1 

+1 

Rz 


-f-1 

+ 1 

+1 

4*1 

+1 

+ l 

Rx 

A" 

+ 1 

+ 1 

-1 

-1 

T, 

-4 ii 

+1 

+ 1 

+1 

-1 

-1 

-1 

Tx 

E' 

4-2 

-1 

4-2 

-1 

Tx, Ty 

By 

+1 

-1 

+1 

+ 1 

-1 

+ 1 


E" 

+2 

-1 

-2 

+1 

Rx, Ry 

Bu 

_1_1 

-1 

+1 


+1 

-1 








Ey 

+2 

0 

_2 

2 

0 

+2 

Rx, Ry 







Eu 

+2 

0 

-2 

+2 

0 

2 

T 7' 

1 .r. 1 1 / 


Cah 

I 

<7o 

0 

ill 

G 

<76*= c/' 

CTh 


5s 

h 



+ 1 

+ 1 

+1 

+ 1 

4-1 

4-1 

+ 1 

1 

Rx 

A.U 

4-1 

+ 1 

+ 1 

+ 1 

-1 

-1 



; T, 

By 

+1 

-1 

+ 1 

-1 


+1 

-1 

+1 

1 

Bn 

+1 

-1 

+ 1 


+1 

-1 

■“[" 1 



Ely 

+2 

4-1 

-1 

-2 

— 2 

-l 

41 

+ 2 


Em 

+2 

4-1 

-1 

-2 

-1-2 

41 

-1 

2 

/ xt i u 

B->y 

'-1-2 


-1 

+2 

+2 



.42 


E-m 

+2 

-1 

-1 

4-2 

— 2 

41 

+ 1 

— 2 



Point groups S 4 and So- The point groups S 4 and So are isomorphous with Ca and Co roHjxMrti vely , 
The symmetry types and characters of So have been included in Table 25 for Co. It should l)e noted 
that on account of the presence of a center of symmetry for So the designation of the symmetry 
types is different from those of Co- 

Point groups Cph- In the point groups Cph there is a plane of symmetry cth 
perpendicular to the axis of symmetry Cp. For every one symmetry type of Cp 
there are therefore two for Cph, one that is symmetric and one that is antisymmetric 



SYMMETRY OF NORMAL VIBRATIONS 


121 


II, 3 

with respect to cr^. In particular, the two components of a degenerate pair are 
either both symmetric or both antisymmetric with respect to <rh~ For odd p the 
species that are symmetric or antisymmetric with respect to crh are distinguished by 
’ and ", while for even p, since there is a center of symmetry they are distinguished 
by subscripts g ox u depending on the behavior with respect to which is determined 
by that with respect to cr^ and CY' • Table 27 gives the symmetry types and charac- 
ters for Czh, C 4 /i, and Ce/i. The reader can easily obtain those for C^h from those of 
Cb if required. 

As for the point groups Cp, the degenerate species of Cph are separably degenerate and therefore 
it is sometimes convenient to give the characters of the degenerate components separately. For 
CsA they are exactly like those in Table 26 for C3. For C4A and CeA they can easily be obtained on 
the basis of the above discussion for C4 and Ce. 

Point groups Ta and O. The cubic point group Td (to which molecules like 
CH 4 and others belong) has four three-fold axes. The non-degenerate vibrations or 
eigenfunctions can only be symmetric with respect to these axes (see p. 83), but, 
as for point group Czv, they may be symmetric or antisymmetric with respect to the 
six planes of symmetry ca through the Cs’s, and in consequence of that to the three 
four-fold rotation-reflection axes ;S 4 - Thus there are two types (At and A 2 ) of non- 
degenerate vibrations or eigenfunctions. A closer e.xamination on the basis of group 
theory Qsee Wigner (923)] shows that there is just one doubly degenerate species E 
as for Cso and two triply degenerate species Fi and Fg. Their characters are given 
without further proof in Table 28. 


TaULK 28. SyMMKTRY TYPKS (SPBOIES) AND CHARACTERS FOR THE POINT GROUPS Td AND O.^® 


Td 

I 

SC's 

6 cr,i 

I 

6 S 4 

3ySA = 302 


0 

I 

80, 1 

60.J 

604 

304* = 302 " 

A 1 

"b l 

+ 1 

+ 1 

"h 1 

+ 1 


A 2 

+ 1 

-f” 1 



+1 


E 


--1 ; 

0 

0 

+2 


Fi 

-1-3 

0 


“b 1 


T„, '1\ for 0 , Ry, 

E-i 


0 

+1 

-1 

-1 

Ty, for Td 


As mentioned before, degenerate vibrations can always be chosen in such a way 
that tliey are symmetric or antisymmetric with respect to planes, two-fold axes, and 
a center of symmetry. In the present case one vibration of a doubly degenerate 
pair can be chosen symmetric, the other antisymmetric, with respect to ad, and 
tlierefore the corresponding character is 0 . All doubly degenerate vibrations are 
symmetric witli respect to the two-fold axes C 2 . The two triply degenerate symmetry 
types are distinguislied by the fa.(!t that in one of them two of the mutually degenerate 
vibrations can be made antisymmetric and one symmetric with respect to a ad plane 
while in tlie other type two vibrations are symmetric and one antisymmetric. That 
is why the corresponding characters (x = -|- dhi, ■+• dcf) are —1 and -hi respec- 

tively. The behavior of tliese triply degenerate vibrations is perhaps best visualized 

There are four threo-fold axes (hco p. D) but tlierc are eight symmetry operations C3, namely 
the rotations by db27r/3 about tlie four axes. Similarly there are three four-fold rotation-reflection 
axes and therefore six oxierations Sh- 
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if it is noted that the three rotations Rx, Ry, Rz form a non-genuine vibration of species 
Fx, while the three translations T,:, Ty, T z form a non-genuine vibration of species F^. 
If a (Td plane is the xy plane, the rotations R^, Ry are antisymmetric and the rotation 
is 3 is symmetric with respect to this <Td, that is, Xif, = — 1 ; while the translations 
Tx, Ty are symmetric, the translation Tz is antisymmetric, that is, Xj'a = + 1 . 

The normal vibrations of a tetrahedral XY 4 molecule given in the previous Fig. 41 
represent examples of the species Ax, B, and F^. It is easily verified that they do 
have the required symmetry properties. For XY 4 there are no genuine normal 
vibrations of the species Az and Fx, but the eigenfunctions of higher vibrational levels 
may belong to these species. 

There is a one-to-one correspondence between the symmetry elements of point 
groups Td and point group O: they are isomorphous. Consequently the symmetry 
types and characters are the same. Therefore, in order to give the symmetry types 
and characters of O it was only necessary to add at the top of Table 28 the symmetry 
elements of O. For the point group O other than for Td the three translations Tx, 
Ty, T 3 form a non-genuine vibration of species Fi as do the three rotations. 



Fig. 51. Normal vibrations of an octahedral XYo molecule (point group O;,). — Only 
on© component of each degenerate vibration is shown. 


Point group The point group Oh has in addition to the symmetry elements 

of O a center of symmetry i, as well as several other symmetry elements nee-essitated 
by it. Therefore, in place of each symmetry type of O there are two in Oh, one that 
is symmetric and one that is antisymmetric with respect to ^. Thus we obtain the 
species and characters given in Table 29.^®“ As an example, in Fig, 51 the normal 

It may be noted that the characters in columns S, 9, 10, and 11 are obtained from those in 
columns 5, 3, 6, and 4 respectively (which are identical with tlioso of i)oint groui) O) l)y nuiltij)Hcation 
with those in eohiinn 7. 
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vibrations of an octahedral XYe molecule (such as SFe; see p. 336) are illustrated- 
Normal vibrations of the species XL A^g, A^u, Eu, -P’lo do not occur (see Table 36). 

TABIiia 29. BYMMBTRY TYPTdS (SPECIKS) AND CHARACTERS FOR THE POINT GROUP Ok. 


Oh 

I 



GC.I 

3 ( 742 ~ 3 CV' 


6.S4 

S.Se 

Scr / t , 

(><ta 

A 1 y 

+ 1 

A " 1 

+1 

■ -f” 1 

"f" 1 

+1 

+1 

+ 1 

+1 

+1 

A 1 u 

+ 1 

+1 

+ 1 

+ 1 

+ 1 

-1 

-1 

-I 



^2(; 

+ 1 

+ 1 



+ 1 

+1 


+ 1 

+1 


Azu 

+ 1 

+ 1 



+ 1 

-1 

+ 1 

-1 


+ 1 : 

Ey 

+2 


0 

0 

+2 

+2 

0 


+2 

0 

En 

+2 

-1 ' 

0 

0 

+2 

"”2 

0 

+ l 

— 2 

0 

Ely 

-t -3 

0 : 


+1 

-1 

+3 

'+1 

0 


-1 : 

Ei.i 

-t -3 

0 

-1 

+ 1 ' 

-1 

-3 


0 

1 

+ 1 

E-ly 

+3 

0 : 

+1 


-1 

“{**3 


0 


. + 1 

E-ia 

+3 

0 : 

+1 

-1 

-1 

-3 

+ 1 ^ 

0 

+ 1 

-1 


Point group T. SiiK^e the point group T has no planes of symmetry a a, and 
consequently no ^ 4 , but otherwise the same symmetry elements as the point group 
Td (Table 28), the symmetry types are similar except that the distinction between 
A\ and As and between Fi and F^, has to be droi)ped. Thus the symmetry types 
and cliaracters in Table 30 are obtained. 


TaHI.B 30. SYMMI'lTKir TYPK.S (SPKCIKS) AND (aiAUACTBUR FOlt THB POINT GROUP T. 


T 

1 

cc 

i 

36'.a 


A 

+ 1 

+ 1 

+ 1 


E 

+2 


+2 


F 

■+■3 

0 

-1 

T, R 


Since thcn-e are no planes through the thi ee-fold axes, the doulily degenei-ate vibrations and eigen- 
functions are separably degenerate (see p. 99). The characters of the separated (complex) normal 
coordinates (II, 81) for the operation Oj are the same as for point group Cj (Table 26), for C'a they 
are -+-1 for both components. 

SiiKJe molecules lielonging to the point groups Tu, /, hi are not likely to be found we omit a dis- 
cussion of their symmetry types and chai-acters Csec Tisza (867) However, it may perhaps be 
mentioned that the point groups I and hi, in addition to triply degenerate Hpocies, also have species 
of four-fold and five-fold degeneracy. 


(e) Symmetry types (species) of the higher vibrational levels 

From the considenitions at the end of section 3c, it follows that any eigenfunction 
of a polyatomic molecule (whether electronic, vibrational, rotational, or total) must 
belong to one of the symmetry types of the particular point group discussed in the 
preceding subsection. Thus also the vibrational eigenfunctions of states in which 
several normal vibrations of different symmetry types are excited with one or more 
quanta must belong to one of the irossible symmetry types. This holds irrespective 
of whether or not the vibrations may be considered as strictly harmonic (see also 
section 5). The question arises, therefore: What is the resultant symmetry type 
(species) of a state in which several vibrations are excited, or in which one or more 
vibrations are excited by more than one quantum? 
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Non-degenerate vibrations. The answer to the above question is very easy to 
find in the case of non-degenerate vibrations on the basis of our previous discussion 
(p. lOlf.). Since the total vibrational eigenfunction is symmetric or antisymmetric 
with respect to a certain symmetry element depending on whether YlaVk (that is, 
the sum of the vibrational quantum numbers of all vibrations that are antisymmetric 
with respect to this symmetry element) is even or odd, we can immediately obtain 
the behavior of the total vibrational eigenfunction with respect to all symmetry elements 
and thus its symmetry type. It is sufficient to restrict this consideration to the 
necessary symmetry elements. For example, if in C 2 H 4 (assuming that it belongs to 
the point group D^h = Vh) the vibration V 4 (see Fig. 44) of species Au is doubly 
excited, vg of species B^g is triply excited, and of species Bzu is triply excited, then 
it follows from Table 14 (p. 108) and from the above rule that the resultant eigen- 
function is antisymmetric with respect to cr{xy), symmetric with respect to <t(xz) and 
symmetric with respect to cr(;yz), that is, is of type Biu. Symbolically we may write 
this result as 

(an)2•(&2«)"•(^>3u)^= Biu, 

where we have used small letters for the species symbols of the individiial vibrations and 
a capital letter for that of the resultant stateN In a similar manner the resultant species 
in the previous Fig. 43 for H 2 CO have been obtained. 

It is at once evident that the above rule is equivalent to saying that the characters 
of the resultant species are obtained by multiplying for each symmetry element the charac- 
ters of the species of the component normal vibrations taken to the vifh power if Vk is the 
vibrational quantum number of the particular vibration. This simple method is also 
applicable to the non-degenerate vibrations of point groups with more-than-two-fold 
axes. It is immediately clear from this rule that the vibrational levels in which a 
non-totally symmetric vibration is excited with even Vk are totally symmetric, while 
those with odd Vk have the symmetry of the normal vibration. Thus in Fig. 42b, 
if the vibration is of type Bxu (point group Vh) the levels designated s and a are Axg 
and Bxu respectively. Similarly, if two non-totally symmetric vibrations of the same 
species are each singly excited, the resultant state is totally symmetric; if a totally 
symmetric and non-totally symmetric vibration are each singly excited, the resultant 
state has the species of the latter. Finally, a rule concerning the behavior with 
respect to a center of symmetry i (if such is present) is very useful, since this behavior 
is indicated in the species symbol by the same subscripts g ox u for all point groups: 
If two vibrations with the same behavior with respect to i (that is, both g or both u) are 
each singly excited, the resultant state is symmetric {g) with respect to i ; if the two vibra- 
tions have opposite symmetry , the resultant state is antisymmetric (u). This g, %i rule 
is, of course, simply a special case of the above rule concerning Yla Vk- However, 
it holds quite generally even for degenerate vibrations, since even they can only be 
symmetric or antisymmetric with respect to i (see i>. 97f.). . The g, u rule is therefore 
valid in all cases in which a center of symmetry is present. 

For the convenience of the reader, Table 31 includes those cases of binary combina- 
tions of non-degenerate vibrations that are not covered by one of the above special 

This usage has been suggested by Mulliken (643) , but it is not observed by all authors. Sponer 
and Teller (802) have suggested the use of corresponding Greek letters for vibrational species, light- 
faced for the individual vibrations, bold-faced for the resultant state. They reserve the roman 
lottera for electronic states. 
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rules. This table, therefore, should make it possible, if necessary by successive appli- 
cation, to find the resultant species without looking up the character tables and multi- 
plying the characters. Thus in the previous example the above rules tell us that 
{auy = Ag, {higY — B^g, and Q>zuy = Bzu^ Furthermore (.auYih 2 gy = Ag'B^g = Big^ 
and from Table 31 and the g, u rule {auYihigfibzuY = B^g- Bzu = (The table 

holds, of course, equally for small and capital letters). 

Binary combinations of a non-degenerate and a degenerate vibration- If a non- 
degenerate vibration is singly excited at the same time that a degenerate vibration 
is singly excited (that is, if we have a binary combination of these two), the resultant 
state has, of course, a species of the same degree of degeneracy as the one degenerate 
vibration. However, if for the point group considered there are several degenerate 
species, the species of the resulting state need not be the same as that of the degenerate 
vibration. Group theory shows that the species of the resulting state is obtained 
in the same way as fgr two non-degenerate vibrations by taking the product of the 
characters of the two species for each symmetry operation. The numbers obtained in 
this way are the characters of the resulting state. 

For example, if in a molecule of point group Czv (for instance HgC — CCI3) two 
vibrations, one of species Aa, the other of species E, are singly excited, then the 
characters of the resulting state are, according to the above rule and Table 15: 
-l-lX+2=-l-2, -|-1X 1= Ij and — 1X0 = 0. These are the charac- 

ters of species E, which is therefore the species of the resulting state. If in a molecule 
of point group Dzh one vibration each of species Hi,, and E^g is singly excited, the 
characters of the resulting state are -1-2, -fl, -1, -2, 0, 0, 2 • • - (see Table 23); 

that is, it is an Eiu state. Symbolically we write in the two examples: 

<*2 ■ c = E, Ozg = Eiu- 

For the convenience of the reader, Table 31 gives tiie results for all binary combina- 
tions oi a degenei'ate and a non-degenerate vibration (species) for all important 
point groups. 

Multiple excitation of a single, degenerate vibration. If a degenerate vibration 
is excited to higher vibrational states of quantum number Vj, the resultant species 
are not as easily obtained. They have been derived by Tisza (867) with the aid of 
group theory. We shall describe here only the results. As we have seen previously 
(p. 103), the eigenfunction is totally symmetric if Vj = 0, it has the same {degenerate) 
species as the normal vibration if Vj = 1. If wy > 1, the resulting state has a degree 
of degeneracy greater than that of the singly excited vibration as long as the vibra- 
tion is strictly harmonic (see p. 80f.). However, it can be shown []see Tisza (867)3 
that this more highly degenerate state may be considered as a superposition of a 
number of less higlily degenerate and possibly non-degenerate states which belong 
to the various symmetry types of the point group of the molecule, and which are 
accidentally degenerate with one another. In fact, slight perturbations, such as the 
anharmonicity usually present, cause a splitting of the accidental degeneracies but 
leave, of course, the necessary degeneracies of the component states. 

For example, in the case of non-syinmetrical linear molecules (point group Coo«, 
example HCN), if a vibration of species H (to which all perpendicular vibrations 
belong; see Fig. 47) is excited by three quanta (ay = 3) the resultant vibrational state 
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is four-foldly d-BgcnGratc (sbb p. 80), consisting of two substatcs, on© of species II 
and one of species The reason for tins is immediately clear, if it is remembered 
that a n vibration may be considered as having* an angular momentum of one unit 
(1^1) about the inter nuclear axis and that there are Just four ways of adding three 


Table 31* symmetby types (species) fob those levels ik which two biffebent vibbations, 

AT LEAST ONE OF WHIGik IS NOK-DEGENEBATE, ABE SINGLY EXCITED. 


Point g:roup 

Vibra- 

tions 

excited 

Result- 

ant 

state 

Vibra- 

tions 

excited 

Result- 

ant 

state 

Vibra- 

tions 

excited 

Result- 

ant 

state 

Vibra- 

tions 

excited 

Result- 

ant 

state 

C*Xv 

no* 61 

B -2 

a2“ 62 

Bi 

61-60 

Az 



Czu 

n-u " h(j 


n (4 • hu 

Ba 

hg • hu, 

A 14 




Cl' hi 

Bi 

61-62 

Bz 

61 • 63 

B> 

62 * 63 

Bi 

[ 

at" -ax' 

A-/' 

ai"*a2" 

Az' 

n2'-n2" 

Ai" 



D;u.CC:<«, Da, C;„„ CaH'* i 

civ re' 

E' 

ai'-e" 


n/'-e' 

E" 

ai"-c" 

E' 


cW • 

E' 

az'-e" 

E" 

az"-e' 

E'^ 

az"-e" 

E'^ 

■^ 4 » Vd\^BAhy / 

no • hi 

Bx 

ax • 62 

Bi 

bi-hz 

A 2 



C.U 1 

cii • e 

E 

no-c 

E 

bi-c 

E 

hx‘e 

E 


ci l" 'Clx 

A-z" 

ai"-aM" 

Az' 

ax^ ' n2" 

Ax" 





El' 

ai'-ei" 

El" 

ni'-< 32 ' 

Ez' 

ax' ■(■■■/' 

Ez" 

Dr./tCC6». Db, Cb/., CbP < 


El" 

ai"-ei" 

El' 

ni" • ex' 

Ez" 

ai"-cz" 

Ez' 


no'* Cl' 

El' 

az'-Gi" 

El" 

n2'“Co' 

Ez' 

a-z • ez" 

Ez" 

vi 


El" 

az"-ei" 

El' 

no" * ex'. 

Ez" 

a-z"-e-N 

Ez' 

( 

cifhi 

Bz 

0-2-62 

Bi 

hi • 62 

A 2 



Cc,„ DeCDoA, Daci, Co/i, Cb, 

ai^ei 

El 

ax - ex 

Ez 

no * ei 

/^l 

(lx * ex 

Ez 

1 

hi - Cl 

Ez 

hi - ex 

El 

bx^ei 

Ex 

hx' ex 

Ex 


cix ‘hi 

Bz 

no - 62 

Bi 

bi’ hz 

Az 




cii - Cl 

El 

no • 6'i 

El 

hi- Cl 

Ez 

60. Cl 

Kz 

Csw, £^8 

ni • ex 

Ez 

no * ex 

Ez 

hi-cz 

Ez 

62 • Co 

Ex 


ai * ez 

Ez 

ax - ez 

Ez 

bi-cz 

El 

6o- C:i 

Ev 


<T~^* TT 

11 

cr'*”- 5 

A 

CT^-TT 

II 

<r™* h 

A 

Ta,OLOk, TJ-' { 

ni"C 

CI2 * e 

E 

E 

fli -/i 
nz-fi 

Ex 

Ez 

<ii'h 

az-fz 

Ez 

E, 




For D 2 h the a, u rule has to be taken into account. The subscript i may bo 1, 2, or 3 . 

For Cnv and £>3 the ' and ", for Ca/t the subscripts 1 and 2 , and for C3 both the ' and " and the 
subscripts 1 and 2 should be omitted. 

For D‘4h and the g, u rule has to bo taken into account; for Cah, Ca, and Sa, the 8ub8(u'ii)ts 
1 and 2 should be omitted. 

For Crv and Dg the ' and ", for C5/4 the subscripts 1 and 2 of A, and for Cg both should be 
omitted. 

22 For jDo/t, i>3rL and So the g, u rule must bo taken into account; for C^hr and Si\ tlie subscripts 
1 and 2 of A and B should be omitted; for D^dy B should be put equal to A and the subs<*ripts 1 
and 2 of E should be omitted. 

For Dooh the g, u rule must be taken into account. 

For Oh the g, u rule must be taken into account; for T the subscripts 1 and 2 should he omitted. 
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Table 32. bymmetky types (speciejs) op the hioheb vibi^ational 

LEVELS OP BEGEKEBATE VIBRATIONS. 

The numbers in front of some symbols (for example, 2E^) indicate how many sublevels of that 
particular species occur if this number is greatei; than one. 


Point group 

Vibra- 

tional 

level 

Resulting states 

Vibra- 

tional 

level 

Resulting states 

D^aCCs,,, D,u C;,a, C:,]’'-' I 

(e02 

(«')* 

(eT 

(e/)^ 

(er 

Ai'+E' 

Ai'+A2'+E' 

Ai'+2E' 

Ai' -\-A2' +2E' 

2Ai' 4-^2'+2£?' 

{e"y 

(e'y 

(e"y 

(e"y 

(e"y 

Ai' +E' 

Ai"+A2"+E" 

Ai'+2E' 

Ai"+A2"+2B" 

2Ai'-hA2'+2E' 

-D-Ii Did , 

= v,u Ca, C 4 . 

(««)'" 

(Ctf)” 

Alg +B*2ff 

2Ea 

2Aig AA^a ABig '-\-B 2 a 

SEg 

2A\g +A*2g -h^Big -j-^B^g 

(euy 

(euy 

(enV 

(euy 

(euy 

Alg+Bxg+B^g 

2Eu 

2Aig +A2a '+Big AB2a 

2Axg “AA^g +2i5i£; A~2B2g 


(ci'y 

(«i0® 

Cei'y 

(e^'y 

(ei'y 

(e-/y 

Ai'+E^' 

Ei'A-Ez' 

Ai' -hEi' +E 2 ' 

Ai' +Ei' 

Ei'+Ei' 

Ai'+Ei'+E-z' 

(ei"y 

(e^"y 

(eyy 

(e-ry 

(eyy 

(e^'y 

Ai'+Ei' 

El" +E 2 " 

Ay+Ei'+E2' 

Ai'+Ei' 

Ei"+E2" 

. Ai' +Ei'+E2' 

Cdv, -DaCAi/i, D,ui, C(i/t, C(i, 

(oiy 

(tu)» 

(Cl)-* 

(«l)« 

Ai +i?2 

Bi+B2+Et 

A 1 + 2 E 2 

Bi +B 2 +2Ei 

2Ai -j-yla -\~ 2 E 2 

(«2)“ 

(ea)® 

! 

(e^y 

(eA<^ 

■ Ai+E2 

yl], H-yls 

; A I +2/^2 

. Ai+A2+2i?2 

2Ai -J-A" -\- 2 E 2 

^Adf CnVy Efi <! 

(«l)“ 

(«l)" 

(«l)“ 

(e,y 

(e,y 

xl 1 A'E** 

El +E>a 

Ai +/ii -\rB‘> -jrE^ 
xli A’E^ 

Ei+E:i 

(ey^ 

(«,■.)“ 

Ai+Bi ■\-B2 

2 E 2 

2 A 1 T* ■^'1 2 "b R i “{“'R 2 

A 1 -ABi -bZ3f2 AE!*2 

i>a,;.CC 

(7r„)2 

(^oy 

(^<,y 

(.TTiiy 

+A„ 

14 +clv 

+A„ + I’f/ + I(? 

(■rruy 

(tt,,)'* 

(tt,,)® 

(tt,,)® 

S„++A, 

n„ 

+A,/+ Yg 

II li -h'l’a H“IIa 

22 r/"'" +A(, 4- r„ 4- Iff 

Td, OCO/., r] 2 ‘ ^ 

o-y 

0-y 

(«)•> 

(/i)=* 

(Ay 

(Ay 

(Ay 

(Ay 

(Ay 

A 1 Hh E 

A 1 Hh A 2 T* E 
-/i, 1 ‘4-'2/i/ 

A. 1 "4" B “b E 2 
yl 2 +2F, +F 2 

2/1 1 +27^+Fi+2F2 

A 2 “f" E -4"4F 1 ~|-2F2 

3/1.1 "b-zlo “4“37£/ -|"2Fi Hh4F2 
2/1.2 "bbFi -4-47^2 

(«)® 

(^ 0 “ 

(ey 

(M^ 

(/■y' 

(Ay 

(Ay 

(/ 2 )« 

(/a)" 

Ai 4-A2-|-2/^ 

2yli4-A2 4-2/'J 

A 1 -b/l 2 "b3 B 
/lid” B d“ B *2 

A 1 +F 1 + 2 E 2 

2 A 1 + 2 E+F 1 + 2 F 2 

A 1 A' B ■b 2 Fi "bd'F 2 

3/1 1 . "b-^l 2 A*^B A2F\ A^F*2 
2.4 . 1 + 27 ; +4Fi + 6 F 2 


For Cav, D.\, Dtd Vd the subscu-ipts g and u, for Cak the suliscripts 1 and 2 , and for Ca and 
1 S 4 all subscripts should be omitted. 

For the Bubscripts g and u should he dropped. The higher levels of irg and ttu only are 
given since tt vibrations are the only vil)rations ihtit occur (see section 4a). 
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vectors Z = 1 in the internuclear axis: — and corresponding to the species 

n (resultant Z = 1) and <l> (resultant Z = 3). Symbolically we write 

(7r)3 = n 4- 


If the anharmonicity is taken into account these two states have slightly different 
energies but each one remains doubly degenerate. If the x vibration is excited by 
two quanta (vj = 2) a triply degenerate state is obtained which splits into one non- 
degenerate state (S''") and one doubly 
degenerate state (A). They correspond 
to and Symbolically we write 

(x)2 == S+ + A. 


T. 

r. 


/ 

6 

■ 


E ^ 
E 

Ar 


1 

'6 

I 


5 


n 


n 


I 


1 


1.) 

<r 




0 

n 


3 

i 



1 


/: 

E 

A, 


4 

<1 


3 


A2 


:$ 

i 


In a similar manner, if in a molecule 
of point group Cz^ (for example, NH3 or 
CH3CI) a degenerate vibration of species 
E is doubly excited (vj = 2), a triply de- 
generate state arises which splits into one 
with Z = 0 and one with 1—2. But here, 
unlike the linear case, I no longer repre- 
sents the angular momentum and, as we 
have seen previously, Z = 2 is equivalent 
to Z = 1 ; thus we obtain 

{ef = Ax + E. 


A 


y 


0 


o 


E 

A\ 


) n , E 


If the vibration of specnes E is triply 
2 excited, two doubly degenerate states 
with Z = 1 and Z = 3 arise as in tlie linear 
case. But now Z = 3 is equivalent to 
Z = 0 and therefore the double degen- 
eracy is split into two non-degenerate 
levels with Z = 0, which group theory 
shows to be A 1 and A 2. Thus we have 


(g)s = Ai 4 A2 -f- E. 

These and similar data for higher 
vibrational levels are given for all im- 
portant point groups in Table 32 in a 
somewhat condensed form. In Fig. 52 
the species of the higher vibrational levels 
of a X vibration of a linear molecule and 
of an e vibration of a molecule of point group Czv are indicated in an energy-level 
diagram similar to Fig. 42 for non-degenerate vibrations. The different levels of the 
same vj are shown with somewhat different energy corresponding to the splitting 
that actually occurs in consequence of anharmonicity. The resultant Z values are 
also indicated. They are identical with the Z* values given by equation (II, 59). 


' 0 o /f, ... 0 

(“) (I)) 

Fig. 52 . Splitting and species designation 
of higher vibrational levels of ir and e vibra- 
tions of molecules of point groups Cmv and Cav 
respectively. 
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Binary combinations of two different degenerate vibrations. Just as in the pre- 
ceding case, several degenerate or non-degenerate species result if two degenerate vibra- 
tions are singly excited. For example, if in a linear molecule two different vibrations 
of species 11 are singly excited, the three states S+, 2“, and A result. They corre- 
spond to the four vector diagrams and =x.‘^ The last two are degenerate 

with each other forming the A state, while one linear combination of the first two 
gives S+ and the other (orthogonal) one gives S~. It must be noted that here three 
states arise whereas by double excitation of a single tt vibration only the two states 
S'** and A result. This is because in the latter case the diagrams and are in- 
distinguishable and therefore count as one state only. Table 33 gives the similar 
results for all binary combinations of the important point groups. 


Table 33. symmetry types (species) of those levels in which two different 

DEGENERATE VIBRATIONS ARE SINGLY EXCITED. 


Point group 

Vibra- 

tional 

configu- 

ration 

Resulting states 

Vibra- 

tional 

configu- 

ration 

Resulting states 

i>»/.CCa,,, D;u Caft, | 

c'-e' 
o' • e" 

-'ll' +A‘/+E' 
Ai"+A-2"+E" 

e"-e" 

Ai'AAfAE' 

D,, C,,.. C,., S.,?'’' | 

(id’Ca 

Alp A'A^ij +B2 i/ 

-ll w A-BiuA~B2u 

C |i ■ <i u 

Alp 

I)5/TCr,u. Dr., Cr./„ Cap < 

cf-ei' 
of -Cl" 
of • €■/ 
of -of' 
oV'-Ci" 

Ai'+A-i'+Ef 

Ai" +A-2" +E->" 

Ei'+E-i' 

Ei"+E-/' 

Ai'+AV+Ef 

Cl * C2 

Cj *62 

co'-ca' 

Co'-C^" 

Ei"+E./' 

Ei'+E./ 

Ai'+A./AEi' 

Ai"+A/'+Ei" 

A i^ 

C(j, 1 

Cl - Cl 

<‘2 * 

A 1 “bd. ‘.i "b E'2 

Ai+A'i + E-i 

' <'11 

Bi A'Bi 

B.i,/, Cnt<, Z?,s >| 

f'l • Cl 

Cl * Cu 

Cl - c:\ 

A 1 +da + /4'a 

E\ +/i’3 

Bi +B., +E-. 

Co* Cli 

<'2 * <',*{ 

<’3 • <‘3 

A 1 *4“ A 2 -pR 1 , -{~B*> 

El +E^ 

/i 1 -f- A 2 4" B 2 

C„.„ 1 

TT* TT 

TT- 5 

TT* (p 

ll+d> 

A + r 

5*5 
(5 • <p 

<P’<P 

sM-s-+r 

ii-hii 

i:''-+2-+i 

Tu, o[o,., rp 1 

1 

e • c 

o-A 

A I -b d 2 A E 

El +E‘> 

El +E-> 

f\ 'A 
frA 
A-h 

A[ A* E 4”/''^i 4'" Pii 

A 2 4“-^^^ A'F-z 

Ai+E-\-Bi+F2 


The way iu which tlic data of Talile 33 have l)een of)tained is similar to the way in which Table 31 
has been derived: The chara{!tera of the resultinK state are again obtained by multiplication of the 
correnpondinff characters of the component stales. But now the characters so obtained do not directly 
occur in the siiecies table of the .particular point group. However, they can be reduced to a sum 
of characters of species tliat do occur and these are the component states formed ; that is, if C and D 

^ The situation is exactly analogous to the determination of the resultant states of an electron 
configuration mr of a diatomic molecule (see Molecular Spectra I, p. 359, Fig. 140). 
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are the species of the two singly excited vibrations and G, H • • • the resulting species, then we must 
have for every symmetry operation k (as proved by group theory) , 

= Xg® + + • • * (II, 87) 

where xc^*^ ' ‘ ' characters for the operation k. From this condition the resulting states are 

uniquely determined. For example, if in a molecule of point group Csv two different vibrations of 
species E are singly excited the resulting characters are, according to Table 15, +4, -[-1, 0. It is 
easily seen that this can only be obtained as the sum of corresponding characters of Ai, A% and E. 
These latter species are the species of the resulting states. In group-theory language, ^i, A- 2 , and E 
are the irredticible representations into which the i-educible representation with characters 4-4, -+-1,0 
can be reduced, or Ai, A-i, and E are the irreducible components of the direct product E X E. 

More general cases. If more than two normal vibrations are singly excited, one 
has first to form, the resulting states of two of them according to Table 31 or 33, 
then combine every one of these resulting states with the third vibration again ac- 
cording to Table 31 or 33, and so on. For example, if in XY 4 one quantum each of 
the four normal vibrations of species Ai, E, F 2 , and F 2 are excited (see Fig. 41), 
we obtain for the symmetry type of the eigenfunctions of the resulting state 

(are)*(/ 2 -/ 2 ) = E-{Ax + E + Fi + F 2 ) 

^ E‘Ai + E-E + E-Fx + E-F<2 
~ jgj _|_ E Fx H~ F2 "h Fi -+- Fz'f 

that is, the resultant state consists of eight substates, one each of species Ax and A 2 
and two each of species E, Fi, and F 2 . 

If finally several normal vibrations are multiply excited, one has first to find the 
resultant species for each multiply excited vibration according to Table 32 (or, for 
non-degenerate vibrations, according to the rules given on p. 124), and then to com- 
bine the results by means of Table 31 or Table 33. As an example, let us consider 
an excited vibrational state of CeHe (see Fig. 50) in which (assuming point group JDe/t) 
two quanta of ^3 (a^a), three quanta of vsib^f/), two quanta of vx^(exu), and three quanta 
of X'i 9 (c 2 u) are excited; that is, we consider the configuration 

(a 2 .)“(/> 2 „)=*(ei„)“(e 2 «)='. 

From the i)revious rule (p. 124), we obtain 

(cfar/)" ~ Aif, ; (^2/;)'* ~ 

and from Table 32, 

(ciii)^ ~ Axg A" E^d, {diuY — Aiu + A’zu + E-zxt- 
Multiplying according to Table 31, we obtain 

{azgyKbzaYiexuY = 

and finally, from Tiibles 31 and 33, 

(a2«)^(&2r/)'*(ciit)^(<’"2M,)'* = (Aof, -+- Exg){Aiu + A'iu + Ezu) 

— Bzu ~1~ Extt, A'Bxu A Exv. A Eiu + Biu A B^u “h Exu- 

Thus the resulting stjite has eiglit substates, two each of symmetry Bi„ am I B-zu and 
four of symmetry Eiu- Naturally, vibrational states in which several vibrations arc 
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multiply excited lie rather high and are therefore not often observed in ordinary 
infrared and Raman spectra; but they may be of importance in photographic infra- 
red and electronic band spectra. 

4. Determination of Normal Modes of Vibration 

As we have seen in section 1, the 3N — 6 (or SN — 5) normal modes of vibration 
of a polyatomic molecule are unambiguously determined by the secular equation 
(II, 11) if the force constants are known. But even if that be the case, the actual 
calculation of the normal modes is a very tedious and slow process since the secular 
equation is usually of a rather high degree. However, if the molecule has symmetry 
elements we know from the preceding section what types of normal vibrations there 
may be. If there is only one vibration of a given species its form is completely de- 
termined without any detailed solution of the secular equation, and even if there are 
two vibrations of a given type it is in general not difficult to obtain a fair idea of 
what the two vibrations will be like. Therefore, we derive first the number of vibra- 
tions of each species in various molecules.^ 

(a) Number of normal vibrations of a given symmetry type {species) 

Sets of equivalent nuclei. The nuclei in a polyatomic molecule may be divided 
into certain sets of identical nuclei that can be transformed into one another hy the 
symmetry operations permitted by the molecule (we may call them equivalent nuclei). 
For example, the three H atoms of H3C — CCI3 (whether it belongs to point group C3 
or Csw) form one such set, the three Cl atoms another, since they can be transformed 
into each other by three-fold rotations about the symmetry axis. However, the two 
C atoms do not belong to one set (are not equivalent) but form two sets, since they 
cannot be transformed into one another by symmetry operations. On the other 
hand, in C2H6 (point group D3, D-id, or Dzh) the six H atoms belong to one set, the 
two C atoms to another. The position of all nuclei belonging to one set is fixed if the 
position of one nucleus of the set is given. The representative nucleus of the set may 
have a general position (not on any symmetry element), or it may be on one of the 
symmetry elements, or it may lie on two or on more symmetry elements. The 
number of nuclei in a set depends on the position of the representative nucleus. It is 
largest if the representative nucleus has a general position, since then, starting out 
from this nucleus, every one of the necessary symmetry operations of the molecule 
will ‘‘produce" another nucleus of this set. On the other hand, the number of 
nuclei in a set is smallest, namely equal to one, if the representative nucleus lies on 
all symmetry elements (for example, the C atoms in H3C — CCI3). 

Non-degenerate vibrations. In the case of non-degenerate vibrations, for a given 
symmetry type the disi)lacements of all nuclei of a set are fixed by the displacements 
of one of them. Therefore the nuclei of a set can at most contribute three degrees of 
freedom to each non-degenerate symmetry type. If the representative nucleus does not 
lie on any symmetry element, the set will actually contribute these three degrees 
of freedom, since then there are no restrictions on the motion of the nucleus. But 
if the representative nucleus lies on one or more elements of symmetry it may not 

A very cloar exposition of this chirivation, which wo partly follow hero, has been given, hy 
Cahanncs (189). 
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have all three degrees of freedom if the motion is to be in conformity with the sym- 
metry type. Thus if there are m sets of nuclei not on any symmetry elements there 
will be 3m degrees of freedom of each non-degenerate symmetry type contributed by 
these sets; if there are h sets of nuclei lying on certain symmetry elements there will 
be 2h, or h, or 0 degrees of freedom contributed to a given symmetry type depending 
on the symmetry type and on the symmetry elements of the sets (see Table 35 and 
the examples below). In this way the total number of degrees of freedom can be 
determined for each species. If then the number of non-genuine vibrations of this 
species is subtracted one obtains the number of genuine vibrations of this species. 

As an illustration let us consider a molecule of point group C^v, having a two-fold 
axis Ci{z) and two planes of symmetry (t^(xz) and <Xviyz) through it. There are four 
symmetry types Ai, A^, Bi, B^ (see Table 13, p. 106). A nucleus not in one of the 
planes of symmetry will produce three other nuclei symmetrically placed. According 
to the above, if there are m such sets of four nuclei they will contribute 3m degrees 
of freedom to each symmetry type. If there is a nucleus on the (Tv^xz) plane there 
must also be another one obtained by reflecting at the a-v(yz) plane. Such a set of 
two nuclei will not contribute three degrees of freedom but less. If the motion of 
one such nucleus is to be symmetric with respect to both planes of symmetry (species 
Ai), it must necessarily take place in the <t^(xz) plane and therefore it contributes 
only two degrees of freedom to Ai; if the motion is to be antisymmetric with respect 
to both planes (species A 2 ) it must necessarily take place in a line perpendicular to 
the (Tvixz) plane, that is, the set contributes only one degree of freedom to the species 
A 2 . Similarly it contributes only one degree of freedom to B 2 and two degrees of 
freedom to Bi. If there, are m^g such sets there will thus be the contributions to the 
degrees of freedom of each symmetry type given in the third column of Table 34. 


Table 34. determination of the number op vibrations of each sfecteb 

FOR THE POINT GROUP 



Degrees of freedom contributed 
by sets of nuclei 

Number of normal vibrations 

Species 

On no 
symmetry 
element 

On 

On 

On 

Non-genuine 

Genuine 


(Tnixz) 

<Tv{yz) 

C> 1 , (r„(xz), 

7’ 

i 

R 

Ai 

3m 

2ma;s 

^iriyz 

Imo 

1 


3m +2///.ra; ’~\-2m,y^ + — 1 

A 2 

3m 

1 Tn>xz 

X'BtyZ 

0 


1 

3'm, 1 

Bi 

3m 

2 m* 2 

J.Vlyz 

Imo 

1 

1 

3 m d-mo — 2 

Bz 

3 m 


^Vlyz 

Iwo 

1 

1 

3m + -V-2myz +no) —2 


Similar considerations apply to sets of nuclei in the crviyz) plane. Tlic <legrees of 
freedom contributed by mys such sets are given in the fourth column of Table 34. 
Finally, each nucleus on the C 2 axis lies on the two planes of symmetry as well, that is, 
on all symmetry elements, and therefore forms a set of its own. If its motion is to 
be symmetrical with respect to both planes it can move only in the axis of symmetry, 
that is, it contributes one degree of freedom to Ai; it cannot move antisymmetrically 
with respect to both planes of symmetry and therefore does not contribute to A 2 . 
In order to be antisymmetric with respect to aviyz) and symmetric with respect to 
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cr„(.T 2 ) it must move perpendicular to crvCyz), and therefore contributes only one degree 
of freedom to Bi; similarly it is found that it contributes one degree of freedom to B^. 
Thus if there are mo nuclei on the axis they give the contributions indicated in the 
fifth column of Table 34. 

Since there are four nuclei in each set of the first type, two in each set of the second 
and third types, and one in each set of the fourth type, the total number of nuclei is 

N — 4m + 2mxs + 2my3 ■+ mo. 

It is easily verified from Table 34 that the total number of degrees of freedom is BN. 

In order to get the number of genuine normal vibrations we have now to subtract 
the non-genuine vibrations. ■ Their species are given in Table 13. There are one 
each of species Ai and A^ and two each of species Bx and B^. Subtracting these from 
the number of degrees of freedom obtained before for each species, we obtain for the 
four species the number of genuine normal vibrations given in the last column of 
Table 34. 

If we apply the above results to the non-linear molecule XY 2 we find, since m = 0, 

= 1, 'tviyz ~ 0, mo = 1, that there are two vibrations of species .di, no vibrations 
of species A^, one vibration of species Bx, and no vibration of species B^}^ The three 
normal vibrations have been given in the previous Fig. 25a. Since there is only one 
vibration of species Bx which is anti- 
symmetric with respect to the plane of 
symmetry a-v{yz) (which is perpendic- 
ular to the plane of the molecule), 
its form is unambiguously determined 
without further calculation: nucleus 
X in this species must necessarily 

move perpendicular to say j 

with amplitude sx. The antisym- 
metry with respect to Cviyz) and the 
symmetry with respect to a-vixz) fur- 
ther require that the atoms Y move 
in the Cvixz) plane in lines at the 
same angle /S to the z axis and in op- 
posite phase. Furthermore, the total Y 

linear momentum must be zero, that 
is, the center of mass must remain at 
rest, and the total moment of mo- 
mentum (angular momentum) about 
any point must remain constant 
(usually zero) during the vibration. jpio. 53 . 

If the displacements were the broken 
arrows in Fig. 53 which satisfy the 

symmetry requirements, the total moment of momentum about the point c would ob- 
viously not be constant but vary from positive to negative values as the X atom moves 
back and forth. Only if the point c is made to coincide with X, that is, only if the 

This result could also have been easily obtained directly by applying the same reasoning as 
above for the general <!a8e. 



Determination of the 61 vibration 
of bent XY2. 
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displacements of the Y nuclei are in the direction XY, is the condition of constant 
(zero) moment of momentum fulfilled. The magnitude sy of the displacements of 
the Y nuclei is obtained from the condition that the component of the total linear 
momentum perpendicular to the plane aM is zero; that is, since the velocities are 
proportional to the amplitudes of the displacements, 2mYSY sin « = w,xSx, where a 
is half the angle at the top of the triangle formed by the molecule, sx is the displace- 
ment of the X nucleus and mx and my are the masses of X and Y. Thus the form 


TaBXjE 35. NUMBER OF VIBRATIONS OF EACH SPECIES FOR THE POINT GROUPS 
HAVING non-degenerate VIBRATIONS ONDY. 


Point group, 
total number 
of atoms 

Species 

of 

vibra- 

tion 

Ex- 

plained 

in 

Table 

Number of vibrations^^ 

Cl / 

A 

12 

3 m +?/?.o "”2 

(iV =2m-l-wo) 1 

B 


3/r 4-2 mo — 4 

C«=CiA f 

A' 

12 

3 m +2mo —3 

(JV =2m-|-'mo) \ 

A" 


3 m +'W^o "^3 

Ci^St [ 

Afj 

12 

3in -3 

(AT =2m-t-mo) \ 

Au 


3ni -f-3mo — 3 


Ai 

13 

1 3m -l-2ma;2 +2///J/5 + /ho — 1 

C‘2 It ^ 

(N =4m ■+2mxs +2rn„ - -f/no) 

/1 2 



Bi 


3 m 4-27/?a:3 ,;z —2 

B-> 


Sm +nhxz H“2///,y,5 o ”“2 


-4 f/ 

13 

3/77. +27nh — 1 

C*2,h ^ 

•^4 u 


3/77- +777di 2 -H7/7 0 — 1 

(iV “4m +2m/e +2'm2 

Bu 


3777 4“ 777 /,, 4" 2 7712 — 2 


B u 


3m +2777 7 i +2/7/ 2 +2777 0 "-2 


A 

13 

3 m +777.20: +77/2?/ +77/2;: 

Bi 


3m +2777 2 ;p 4"'27772// +77/2^ +777o “2 

(A^ =4'm +2m2a: +3?/?2// ^ 

Bi 


3m A’2ni*ix 4" 77/2// +2/7/2r 4’"'777 () —2 

+ 2m22: +Wo) 

Bi 


3/71 +77720^ +2/772.7/ 4™ 2/7/ 2.3 + 777 o “"2 

III 

A, 

An 

B^„ 

14 

3777+2777.0:,/ +277/o* - +2/7/ 4''77/ 2.r + 7/7 2.7 4'“ 7/7 23 

3 /77 + 77/,,.,/ +77/j:r +77///.? 

3/77 +2777a.// +777;,.^ +777, /^ + 7772.r 4" 7/12;/ 1 



3/77 +/77o;7/ +2777o:;j; +2777,/- +77/2,r + 7/72.7 + 77/2.3 4”77/() ™ 1 

( jV — 8'm -\-4m:r}/ ■4”4;?/g-,2 +4/^/-,, - s 



3777 + 77 / 0 : 7 / +2/77j.:; + 7 / 772 ; +7//2.r +7/72.T 1 

•4-2m2aT ”l“2m2»/ "bmo) 

Bill 

Bi„ 

, Bi,. 


37n +2/77.ry/ +777.i- +2///,/;: +7//2x + 77/27 4"77/2,r 4"’777 o 1 

3/7/ 4-’77/,r// + 77/,,. - +2/77,/- 4“ 77/ 2 ,/ +7/72.: — 1 

3/77 +277'7o-,/ 4”27/7x;j 4’777//s +77/2.B +’77/27 + +77/0 1 


rn is always the number of sets of equivalent nuclei not on any element of Byininetry; rno is 
the number of nuclei lying on all symmetry elements i)reHent: m^,,, m^.^, ai-e the uuinherH of sets 
of nuclei lying on the xy, xz, yz plane respectively but not on any axes going througli these planes: 
mt is the number of sots of nuclei on a two-fold axis but not at the point of intersection with another 
element of symmetry; ‘yyi'-ix, wa,/, w- 2 z are the numbers of sets of nuclei lying on the .i, y, ot z axis if 
they are two-fold axes, but not on all of them; m.h is the number of sets of nuclei on a i)lan(» <tu but 
not on the axis ijerpeiidicular to this plane. 
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of the normal vibration of species Bi is completely determined. For the two d.i 
vibrations the form is not unambiguously determined from symmetry alone, but one 
can say immediately that the X nucleus must move in the z axis for both, and the 
two Y nuclei must move in a symmetrical fashion such that the component of their 
linear momentum in the z direction is opposite and equal to that of the X nucleus. 
The direction of motion of the Y nuclei is not fixed by symmetry and the condition 
of zero linear and angular momentum; that is why there are two vibrations of 
species Ax. 

If, as a second example, we apply the results of Table 34 to the H2CO molecule, 
we find, since now m = 0, m^z = 1, 'm.yz = 0, mo == 2, that there are three vibrations 
of species Ax, no vibrations of species A 2 , two vibrations of species ^i, and one vibra- 
tion of species B^. These vibrations are represented in Fig. 24a— f. The one vibra- 
tion of species B 2 is again unambiguously determined by symmetry. 

In a similar way, as indicated above for C20, the number of vibrations of each 
species can be derived for the other point groups having non-degenerate species only. 
The results [^first derived by Brester (178) J are given in the last column of Table 35. 
In the first column for every point group the total number N of nuclei is expressed 
in terms of the number of sets of nuclei; that is, the factors in front of the m values 
in this first column indicate the number of nuclei in each set. This can serve as a 
check on the correct selection of the sets. 

Degenerate vibrations. For molecules w'ith more than two-fold axes the number 
of vibrations of the non-degenerate symmetry types can be determined in exactly 
the same way as described above. However, as to the number of degenerate vibra- 
tions some further considerations are necessary. Let us consider as an example the 
point group Csv to which molecules like NH3, CH3CI, H3C — CCI3 belong. A set of 
nuclei lying on the three planes cr„ (but not on the axis) will contribute six degrees of 
freedom, that is, three vibrations to the degenerate species E, since to every one displace- 
ment (which may be in any one of the three coordinate directions) of one nucleus of 
the set correspond two different displacements of each of the other nuclei of the set 
(compare the previous discussion of the form of degenerate vibrations, p. 89f.). 
Thus, if there are such sets they will contribute 3'/n„ degenerate vibrations (genuine 
or non-genuine). 

If there is a set of nuclei in a general position (none of these occur in the examples 
mentioned above) they contribute twelve (rather than six) degrees of freedom of 
type E, that is, six degenerate vibrations. This is because, first, every one displace- 
ment of one nucleus of a set has corresponding to it two different displacements of 
each of those nuclei of the set that are produced from the representative nucleus by 
rotations about C3. This accounts for six degrees of freedom. But the three nuclei 
thus produced comprise only half the set, since for every one of them there is another 
one placed symmetrically to it with respect to (r„. Reflection at the plane cr„ will in 
general change the viljration into something else, but if suitable linear combinations 
of the degenerate vibrations are chosen one will be symmetric, the other antisymmetric 
with respect to this plane; that is, the number of degrees of freedom contributed is 
doubled. Thus, in all, one such set of nuclei in a general position contributes twelve 
degrees of freedom to the degenerate species or, in other words, six degenerate vibra- 
tions. If there are m such sets of nuclei they will contribute 6m degenerate vibrations.. 
This holds not only for species E of point group Cs-u but also /or the doubly degenerate 
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Table 36. numbeb op vibrations of bach species for the 

POINT groups with DEGENERATE VIBRATIONS. 


Point group, 
total number 
of atoms 

Species of 
vibration 

Ex- 

plained 

in 

Table 

Number of vibrations®^ 

Cz / 

A 

25 

3m +mo —2 

(iV =37n+jno) \ 

E 


3m+'mo-“2 

r { 

A 


3m 2 

C 4 ) 

B 


3m 

(jV =4tn+mo) j 

E 


3m+mo — 2 


A 

25 

Sm-f-mo —2 

Cc 

B 


3 m 

(N = 6m + 7710 ) 

Ex 


3?n.+mo — '2 


Et 


3 m 

{ 

A 


3m +7712 — 1 

S 4 1 

B 


3 m +?/? 2 +mo 1 

(N =4m +2m2 +mo) | 

E 


3m +2m.2 +mo —2 


Aq 

25 

3m d-rng — 1 

Sfl 

Bu 


3m +m:i +m.o — 1 

(N +2mz -1-oto) 

Exu 


3 m +m3 +m,o 1 


E,a 


3m+7?i3 — 1 

Di [ 

Ax 

15 

3m +7712 *4"m3 ' 

(iV =6fn-+3m-2 { 

j'l 2 


3m +2 m 2 +m:{ +mo —2 

+2w:! +mo) [ 

E 


6m +3m2 +2m3 +^^^0 —2 

/ 

yli 

18 

3m +m 2 +m 2 ' +mMi 

D, 

A‘i 


3m- 4“2m2 + 2m2' +m4 + m-o — 2 

(/V==8TO+4m2+4m2' < 

Bx 


3m +m 2 +2m2' 

+2m4 +wo) 

Bi 


3'm +27712 +7712 


E 


6m 4-3m2 +377^-2' 4*27^1 +7770 2 


Ax 

19 

3m +1712 +m 2 ' + 7776 


A 2 


377^ +2m2 + 27772 ' + 7776 + 777o — 2 


Bx 


3777 +m2 + 27772 ' 

(iV = 12 m + 6 yrt -2 + 6 'm 2 ' < 

B> 


Sttt- +2m-2 + 777 . 2 ' 

+2m6 + mo) 

Ex 


6m +37772 + 3777 , 2 ' +2/776 + 777() —2 


E-. 


6777 +3/772 +3/772' 

C. ( 

Ai ' 

15 

3 m +2/77,, + 7770 — 1 


/I 2 


3 m +777 „ — 1 

( at = -{-nhrt v +mo) ] 

B 


6/77 +3777,, + 777() — 2 


vl, 

18 

3/77/ +2/77.1, +2/77,/ + 77/0 — 1 


.42 


3m +7711, +777, / — 1 

(IV —8m 

Bx 


3777. +2/77,,+ 777 f/ 

+4m,i “1" ///()) 

B-x 


3?/l +m„ +2777,/ 


E 


6m +3/77,, +3/77,/ + 7770 ““2 


See footnote, p. 139, 





DETERMINATION OF NORMAL VIBRATIONS 


137 


II, 4 


TABiiK 36 - — Continued 


Point group, 
total number 
of atoms 


^6(1 


Cc. 

(iV'=12m+6mx, 


C 


OC3l> 


{N ==mo) 


C:i/i 

{N +3mh 

+ 2 m:i +m.{)) 


C,n 

(]Sr =8m +4mH 


Cu 

(N == 12 m + 6 m 7 * 

"4” 2 mo ■-['“77i.()) 


(N —8 m +4m</ 

“|“2’m.i “i”'mo) 


D:ui( ^ S(jr) 

(iV — 12//i +()m.(i 

+6'm-2 +2m6 +'mo) 


Species of 
vibration 

Ex- 

plained 

in 

Table 

Number of vibrations^^ 

Ai 

16 

3m +'^/ 2 o — 1 

-4.2 


3m+^v“"l 

El 


6 m +3m'i; - j-mo — 2 

E 2 


6m +3mt; 

Ai 

19 

3m +2mi; -l-2m<i +mo 1 

A 2 


3m+mi,+mci— 1 

Bi 


3m+2mv +md 

Bt 


Sm+rriv +2m<i 

El 


6 m +3mv +3md +^o — 2 

E‘2 


6m +3mt; +3mj 

s+ 

17 

mo — 1 

S- 


0 

II 


mo— 2 

A, # • • • 


0 

<• 

A' 

27 

3m +2m.4 +'m3 1 

A" 


3 m +inh +m -3 -f mo — 1 

E' 


3 m +2mh +m 3 +'niQ — 1 

E" 


3 m + +m 3 — 1 


27 

3 m +2mA +m 4 — 1 

A u 


3m +^4 + 7/10 — 1 

Bj 


Srn +2'm;t 

Bu 


3m 

Ea 


3m "bm/t '-l-m 4 **~1 

Eu 


3 m. +2m;i A-niA — 1 

A^ 

27 

3m +2m.A +mo — I 

Au 


3m + mh 4’mo — 1 

Ba 


3m +m/* 

Bu 


3m+2?/i;* 

Ei„ 


3 m +?n/i +m6 — 1 

Eiu 


3m +2'm/, +m6 ■*“ 1 

E'ia 


3'm, +2//i/t 

E 2 u 


3 m, +m7i 

Ai 

18 

3 m +2m,j + m 2 +'m 4 

As 


3m + +2'm2 “ 1 

Bi 


3 m -l-m 2 

Bs 


3 m +2m<i +2mi! + m.i +'mro — 1 

E 


6m +3'/n(i +3m2 + 2 /n 4 +/no —2 


20 

3 m +2m (i + W 2 +7A/ 

Alu 


3 m +'W fi S-rn'i 

A^a 


3 m +'m.<i +2m.2 — 1 

A^u 


3m +2m2 +m,6 + 7 / 7,0 — 1 

Eff 


6m +3?riri +37^2 +r/?,(j — 1 

Eu 


6m +37/i(i +3m2 + 7 / 7,0 +m.o — 1 


See footnote, p* 139* 
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Table 3G . — Continued 


— 

Point group, 
total number 
of atoms 

Species of 
vibration 

Ex- 

plained 

in 

Table 

Number of vibrations'*^ 


^ii 

21 

3m 4"2m<i + 7112 , 4*ms 


j4.2 


Sm A'7Ild 4*2v7i2 — 1 

-D4rf(^tS8r) 

Bi 


3m Arrid 4“^2 

( *V = 1 6 m ^ 

B 2 


3m 4“2mf7 4”2m2 4"'^?^s 4”mo — 1 

+8??i2 +2m8 +niQ) 

El 


6 m 4"3m/2 4“n?.o — 1 


E 2 


,6m 4-3 ///.(^ +3m.2 


Ez 


6m 4“3mf2 4'3?n2 +ms “* 1 


Ai' 

22 

3?n +2mt^ 4“2m;t 4"^?'^2 4-ma 

( = 1 2?n 4-6m.i, +6m;i < 

•4~3m2 ’-^2/171'^ “pmo) 

Ai" 

A/ 

Az" 

E' 


3 m 4-'m./t 

3m 4“2'm;i 4-^2 “ 1 

3m 4"2!my 4'^^7i. 4”'^^^'2 -bm-a — 1 

Om +3'mp 4’4///;i b-^/no 4- wa 4-n/o — 1 


E" 


6m 4-3m'o 4"2m/i 4-^2 4’m-a — 1 

/ 

1 0 

23 

3m +2mr(/ A^2i7nh "t”7/?4 


Aul 


3m 4-w.v +'rnd 


A*zq 


3m 4*"^i; +711(1 +2}nk +7712 +?/? 2 ' — 1 

Dih 

A*2u 


3m +2f)iv +2tnd +'fn h 4“^^^*/ 4"n?.o — 1 

(N = 16 m -hSmu +8/nd ^ 

+Sm/x +4'm>2 +4 w.2' 

Biff 


3m 4~2mv +?/?,. ri +2////* +7n2 +7712 

Biu 


Sin 4~mv +2771(1 4-m/,, 4"’^^^ 2 ^ 


Bzo 


3m 4-mv 4“2'm,i 4"2////i +m 2 4“m.2' 


Biu 


3m +2//'/,, 4“'^^^^ 


Ea 


6 m +3mt, 4”3'/n// 4-2m/t +ni 2 4'm.2^ + 771 ^ — 1 


Eu 


6m p3'//it> + S77i(} 4-4m7t 4“2m*j 4“ S'///*./ 4“^^/(> 1 

f 

Ai' 

22 

Sin 4-2mi, 4-2'////,, + 7702 4-n/|, 


Ax' 


3m4"^ni,4“m./t 

Di,}i 

( N — 20m. + 10m„ + 10//? /* < 
“4“ 5 '/// 2 Hh 2 711 r> 4“ 7ti 0 ) 
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See footnote, p. 139. 
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Table 36 . — Continued 


Point group, 
total number 
of atoms 

Species of 
vibration 
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in 

Table 
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3m 
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3m “bm/i +m 2 +ma 
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F^^ 
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F->u 
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species of all poi7it groups with the exception of Cp, Cph, o.'^d T. For the latter point 
grouj)s, tliere are no through Cp, or Ca’s perpendicular to Cp, and therefore the 
reasoTi for the doubling of the number of degrees of freedom contributed disappears. 
For them, m sets of nuclei in a general position contribute only 3m doubly degenerate 
vibrations. 

Finally, a nucleus on the axis of symmetry can contribute to the degenerate degrees 
of freedom only if it moves perpendicular to the axis. It will then contribute two 
degrees of freedom, that is, one degenerate vibration. Thus the total number of de- 
generate vibrations (species E) of point group Cat, is 6m -h 3m» -|- mo including the 
non-genuine vibrations (mo = number of nuclei on the axis). There are two non- 
genuine degenerate vibrations (see Table 15), and therefore the number of genuine 
degenerate vibrations is Gw, + 3?^? + mo — 2. For e.xample, for non-planar XYs 

m is die number of aets of nuclei not on any element of symmetry’, mo is the number of nuclei 
on all cleinentB of symmestry; ws, - • • are the numliera of seta of nuclei on a two-fold, three- 

fold, four-fold, • • • axis but not on any other element of symmetry that does not whblly coincide 
with that axis; mV is the number of sets of nuclei on a two-fold axis called €»' in the previous character 
tables: •/«(,, md, nih are the numbers of sets of nuclei on planes o-,,, cr,;, o-/,, respectively but not on any 
other element of symmetry. 
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(NHs and others), ?n = 0, = 1, mo = 1, and therefore there are two degenerate 

vibrations (see Fig. 45). 

In a similar way the number of degenerate vibrations for the other axial point 
groups (with one more-than-two-fold axis) can be obtained. The results, together 
with those for the non-degenerate symmetry types of these point groups are given 
in Table 36. It may be noted that nuclei on an axis of symmetry Cp contribute only 
to the degenerate vibrations of the first kind Ex with Z = 1 but not to E^ and higher 
ones if these occur. Therefore since for linear molecules all nuclei are on the axis 
they have no normal vibrations of species A, #, • • ■ . It is also easily seen that they 
can have no vibrations of species 

In the case of the cubic point groups the same considerations apply to the non- 
degenerate and doubly degenerate vibrations as given above. For the triply de- 
generate vibrations further considerations are necessary. However, we give in 
Table 36 only the results without further proof []see Jahn and Teller (471)3* As an 
example consider the tetrahedral XY4 molecule of point group Td (CH4 and others). 
Here there are no nuclei in a general position (m = 0), no nuclei on the planes a a 
but on no other element of symmetry {ma. = 0), one set of nuclei on the three-fold 
axes (m3 = 1), and one set of nuclei on all elements of symmetry (mo = 1). There- 
fore, according to Table 36, there is one vibration of species Ax, one of species E, 
and two of species F2. As a somewhat more complicated example consider the 
C(CH3)4 molecule, assuming point group Ta* Here m = 0, md = 1, rn^ = 0, = 1, 

mo = 1. Therefore we have, according to Table 36, three vibrations of species Ax, 
one of species A 2 , four of species E, four of species Fx and seven of species F 2 . 

For the rare point groups Th, O, I, Ih not given here we refer to the paper by Jahn and Teller 
( 471 ). 


(b) Methods for the general solution of the secular equation 

In order to determine the vibrational frequencies from the force constants and 
at the same time the form of the normal vibrations in cases where it is not determined 
by the symmetry alone, it is necessary to solve the secular equation (II, 1 1) or (II, 38). 
Actually, of course, the force constants are in general not known, but the frequencies 
of the normal vibrations are observed by means of the spectra. The relations be- 
tween the force constants and the frequencies obtained from the secular equation 
may then be used to obtain the force constants or, in other words, the potential function 
of the molecule in terms of the observed frequencies. In fact, this determination of the 
forces holding the nuclei in a molecule to the equilibrium positions is one of the main 
objects of the study of the vibrational structure of polyatomic molecular spectra. 

One may attempt to solve the secular equation (II, 11) directly in terms of 
Cartesian coordinates or one may try to introduce other coordinates in terms of 
which the secular equation becomes simpler, or finally one may try to solve the 
problem by mechanical models. 


Solution in Cartesian coordinates. The secular determinant in Cartesian c(iordi- 
nates (II, 11) or (II, 38) has ZN rows and ZN columns. The resulting equation is, 
thei'efore of the 3A’th degree in X(= 4'7r^r^); that is, even in the case of a. triatomic 
molecule of the ninth degree. We know that the secular equation has six (or, for 
linear molecules, five) zero roots corresponding to the six (or five) non-genuine vibra- 
tions (the translations and rotations of the whole molecule). Therefore the secular 
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equation must have the factor X® (or X®). However, this factor cannot .immediately 
be separated from the secular determinant (II, 38). 

We illustrate a possible procedure by the example of a non-linear XYZ molecule. If we assume 
the z-SiXiB to be perpendicular to the plane of the molecule and the x and y axes as indicated in Fig. 
54, all force constants kix;z, kyz, and kzz (with any superscripts) must vanish since no restoring force 
is produced by (small) displacements in the z direction. Therefore the secular determinant (II, 3S) 
simplifies to 



-Xmi 

^xy 

)l12 

^xx 

^xy 


^xy 






^yx 

^yy 


Kyy 





^xy 

^yy 

Jell 

^yx 

^xy 

— Xma 

^xx 

7-23 

^yx 

7.23 

^xy 

7.23 

f^yy 

=0; 

(II, 88) 


kll 

‘^xy 

^xx 

^xy 

Jcll—Xms 

7,33 





tZyy 

^yx 

^yy 

T.3S 

^yx 

kll — Xm, 




where the subscripts 1, 2, 3 refer to the X, Y, Z nuclei respectively. Thus in this special case three 
of the zero roots are immediately eliminated. (They correspond to the translation in the z direction 
and the rotations about the x and y axes) . 



Fig. 54. Displacement coordinates in a non-linear triatomic XYZ molecule. 

If it is now considered that for a translation of the whole molecule in the x direction (xx = X 2 = 
y.y =:=: = (), = Z 3 ^ 0) thc restoriug force is zero, it follows from (II, 6) and (II, 7) that 

+ kll = 0. 

+ aJx + Ki = 0, 89) 

kil + Kl -I- Kl = 0* 

Similarly it follows, by uaing a displacoment of the whole molecule in the y direction, that 

kll 4 - kl^ + kll - 0 , 

Kl + k'J + = 0, 9Q) 

k^l + kly + kll — 0 . 

Finally, for a rotation of the whole molecule about any point, for example X in Fig. 64, the restoring 
force must be zero. But for such a rotation the displacement components of X, Y, Z are: 0, 0; 0, c; 
— cil-i/li) sin ai, cihih) cos ai where c is the arbitrary displacement of Y perpendicuUu- to XY. 
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If WO Hiibstituto tlieBC diBplacoiiionts iulo (II, 0) and (II, 7) and coiiBider th;ii for iheoi the i OB<4>riog 
force is zero, we obtain 


7,12 

'^Xi/ 


u3 2 


klla + & 


0 , 

0 . 


(11. 91) 


- J4ia + I4pj = 0, 


where for abbreviation we have put 


I 2 


a = — sm cci, 

h 


h 

— cos ai. 

h 


(11, 92) 


If now the third and fifth column of the determinant (II, 88) are added to the first, the fourth 
and sixth to the second, and if the fifth column multiplied by “O, and the sixth multiplied by h, 
are added to the fourth column we obtain, considering the equations (II, 89), (II, 90), and (II, 91), 


— Xtoi 
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0 

I^XX 

^^xy 

0 

— Xmi 

7,12 

0 

Kl 

7,1 

— XW2 

0 

fclx - X^«2 

0 

kll 

7.23 

0 

— Xm2 

7,2 2 

— 

;,23 

7.23 

— Xm* 

0 

7,3 2 
'^xx 

+ a\ni% 

— \ma 

7,33 

0 

— \mx 


— h\mz 

r.3J 

^yx 

fQyy 


0. (II, 93) 


From this eQuation the factor X® corresponding to the three residual zero roots can bo taken, out. The 
resulting determinant may easily be reduced to one having three rows and columns only. The 
resulting equation is cubic in A and can easily be solved if numerical values for the force constants 
and the masses mu m 2 , m 3 are given. 

Once the frequencies of the three genuine normal vibrations have been thus determined, the 
form of the normal vibrations can also be obtained comparatively easily, since according to p. /O 
any row of first minoi'S of the determinant (II, 88) is proportional to the displacement cooi dinates 
.-ri, yi, X 2 , 2 / 2 , iKs, 2 / 3 . 

Essentially the same method as outlined above for a triatomic molecule could also be applied 
to more complicated cases. However, even in the four-atomic case this will loa<i to a I'athei conijili- 
cated determinant of the sixth degree, which, unlike the original determinant of the twelfth degioo, 
is not symmetrical. Since the relatively easy methods of solving such determinants of high degree 
suggested by James and Coolidge (472) and Badger [quoted by Crawford and Cross (242) ] require 
symmetrical determinants, it may be advantageous to solve directly the original secular dei erininant 
(II, 38) without eliminating the zero roots first. 


Solution in “ internal ” coordinates. The relative position of the nuclei is fixed 
by 3iV — 6 (or 3N — 5) coordinates. Instead of following the above procedure, 
one may express the potential energy and the kinetic energy in terms of these SN - 6 
“internal” coordinates and thus obtain directly a secular equation of the (SN (j)th 
degree which does not contain the zero roots. Various choices of the internal coordi- 
nates are possible [see Wilson and Crawford (943)]. Perhaps the most obvious 
choice in the case of an unsymmetrical molecule is to use 3V — 6 iiiternuclear 
distances, or rather deviations Qi from 3V - 6 equilibrium internuclear distances. 
Such coordinates are also called central force coordinates [see for example Shaffer and 
Newton (778)] since they are particularly adapted to the central force system (see 
p. 159). Since for small amplitudes these Qi are linear functions of the rectangular 

“ Bauermeister and Weizel (129) have applied a somewhat similar procedure to linear triatomic 
and four-atomic molecules. 
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displacement coordinates, the potential energy is a quadratic function of the Qi 
(see p. 73) and may be written 

V = ^ (II, 94) 

where aij = a^i. The values of aij depend on the force constants kll of (II, 25) or 
kij of (11, 26). Actually the aij are more significant than the kij (see below) : whereas 
there are f(3iV)(3A^ + 1) force constants kij- which are not independent of one 
another [compare equations (II, 89-91) for the triatomic case], there are only 
^(SN — 6) (3 A — 5) potential constants atj which are mutually independent and 
all different from zero as long as the molecule has no symmetry.®® Because of the 
linear relationship between the Qi and the Xi, yi, Zi also the kinetic energy remains a 
quadratic function of the Qi'. 

T = -j ■ (IIj 95) 

i] 

where = hji. However now, unlike previously, the hij for i 9 ^ j are in general not 
zero, that is, the kinetic energy as well as the potential energy contains cross terms.®®“ 
The secular deiermina^it which determines the normal vibrations is now of the 
form [see equation (II, 34)]. 

l>ii^ — ■ ail binX — ai2 
b 2 lX — Ct21 622^ — ^22 
bsiX — Usi 632X — a 32 


which is of degree 3A - 6 only. It can immediately be set up if V and T have been 
expressed in terms of Qi and Qi, respectively, according to (II, 94) and (II, 95). 
However, it is usually not easy to express the kinetic energy in terms of these new 
coordinates except when the molecule has symmetry and in that case other' methods 
are even more convenient. 

As an example, let us consider again the unsymmetrical non-linear triatomic 
XYZ molecule. For it, 

V = JanQi® + ■2a22<32^ + + ai 2 QiQ 2 H- a 2 zQ 2 Qz + ai^QiQ^, (II, 97) 

where Qi, Q 2 , and Qz are the changes of the lengths of the three sides of the triangle 
from the equilibrium values, h, h, h (Fig. 54). There are in the general case six 
potential constants. 

In order to write the kinetic energy in terms of the Qi, we have first to find the 
transformation by which the rectangular coordinates go over into the Qi. From 
Fig. 54 it is easily seen that if a:i, yi, X 2 , 2 / 2 , xz, yz are, as before, the Cartesian dis- 
l)lacement coordinates of the three atoms, then for small amplitudes, we have 

Qi ~ (x 2 — xz) cos 0:2 4- (yz — y-i) sin 0 : 2 , 

Q 2 = (xs — xi) cos H- (tj'i — t/i) sin ai, (II, 98) 

Qz = (X 2 — Xi). 

If i, and j can assumo n different values there are n combinations of the form ii anti — 1) 
of the form ij with i 9 ^ J. 

'I'lie hii used Iiere are not the same as those used in equations (II, 29) and (II, 30). 


“ «13 

623X — a 23 

bzzX — a33 


0 , 


(II, 96) 



144 


VIBRATIONS 


n, 4 


While these three equations are sufficient to determine the Qi from the Xi, yi the 
latter are not unambiguously determined by the former. For that purpose we have 
to introduce the condition that the center of mass remains at rest, that is, 


(II, 99) 


miXi + maxa + m^xs = 0, 

miyi + mzyz + my 3 = 0 , 

and the condition that the angular momentum of the molecule vanishes (see p. 
133) ; that is (since the velocity components are in the ratio of the displacement 
components), 

msXzh sin ai — m^yzh cos ai — myzh = 0. (II, 100) 

From the six equations (II, 98-100) the Xi, yi can now be obtained in terms of the Qi. 
The result is 

Qz + WT" ^3, 
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(II, 101) 


Qz 


D 

A 35 

D 




03 + ^03, 

where the Aik are the first minors of the determinant D formed from the coefficients 
of xi, X 2 , xz, yi, yi, yz of the equations (II, 98-100). It is obvious that the actual 
evaluation of the Aik and of D, although quite elementary, will be rtithcr tedious. 
If it is accomplished the kinetic energy can be expressed in terms of the Qi since 
(II, 101) holds also for the time derivatives. We obtain 

2T = miAi^ + + msxz^ + miyi^ + mzy-/ + mys^ 

~ ^ \iQ^(jniA\x + m-iA^i + mzAiz 4- miAx^i + m^Axh + wgilio) 

+ Q^ivixA^x + * • * 4“ wsAIo) 4" Qs^iw-xAsi 4 - • • • 4" WsAso) 

4- ‘ 2 >('ixQz(.mAxxA‘i\ 4 - • • • 4 - mzAxzA'itd 4- '2Qx^3{.mAxxA3i 4 - * • * 

4“ WlsAioAge) 4“ ‘I'QzQziy^^l.AzxAzx 4 - * * • 4“ Wi3A26A;t(i)]- (II, 102 ) 

From this the values for the coefficients bij in (II, 95) are immediately given and the 
secular determinant can be set up. It has now only three rows and three columns 
Qjust the three rows and columns written out in full in (II, 96)3, This secular 
equation has no zero roots. Its three roots Xi, X 2 , X 3 give the frequencies of the three 
genuine normal vibrations. They depend through the bij- on the masses of tlie nuclei 
and the dimensions of the triangle formed by them, and of course on the potential 
constants aij. 
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The form of the normal vibrations is again determined by the ratio of the first 
minors, Ciu, in any one row of the determinant (II, 96) in which for X the specific 
value for the particular normal vibration has been substituted. For example in 
the present case, for the normal vibration Xi, ’ 

QV : (II, 103) 

that is, the changes of the lengths of the three sides of the triangle for this normal 
vibration are in the (constant) ratio : C<il If one wants to have the form 

of the normal vibrations in terms of Cartesian coordinates, one has to substitute 
(II, 103) or similar equations for X2 and X3 into (II, 101). 

It IS apparent that the calculations in this method, at least for the example 
considered, are by no means less cumbersome than in the preceding method (using 
Cartesian coordinates throughout). However, the advantage is that the force con- 
stants, aij, used in the second method are more easily visualized. For example, an, 
a22, and ass are the force constants corresponding to a change of the bond lengths 
Y—Z only, X— Z only, and X— Y only, respectively. The force constants kU in 
(II, 88) can be expressed in terms of the by substituting (II, 98) into (II, 97) and 
comparing the coefficients of X 1 X 2 , • • - with those in (II, 25). 


Considerable simplification in most of the above formulae arises when the nuclei X and Y are 
identical (mi = ma) and the sides Zi and h of the triangle are equal, that is, when we have a sym- 
metrical bent molecule. In this case the potential energy must remain unchanged for a reflection at 
the plane of symmetry through Z (which exchanges X and Y) . Therefore we have, in equation (II, 97) , 


and in (II, 88) and (II, 93), 


0,11 — 02 % Ois = oaa. 


(II, 104) 
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(II, 105) 


While the substitution of these relations into (II, 9.3) and (II, 96-102) simplifies them greatly, the 
resulting equation lor the frequencies is still cubic in X, which is rather awkward if one wants to have 
an analytical expression for the frequencies in terms of the force constants. A further reduction of 

the degree of the secular equation can bo obtained in this case if still other coordinates are introduced 
(see below). 


Solution by the use of symmetry coordinates. The best method of determining 
the normal vibi'ations in the case of symmetrical molecules has proved to be the 
method of “symmetry coordinates” first introduced by Howard and Wilson (462). 
While somewhat different symmetry coordinates have been introduced by Rosenthal 
and Murphy (750) and by Redlich and Tompa (733), we shall discuss here only the 
symmetry coordinates introduced by Howard and Wilson Csee also Wilson and Craw- 
ford (943)1 since they seem to be the most useful for actual calculations. 

liom our previous considerations we know how many genuine vibrations of each 
symmetry type there are for a given molecule. Supi)ose there are /i, f^, • • • of the 
first, second, • • • species. Then let us introduce, instead of the 3W Cartesian dis- 
placement coordinates, 3W — 6 (or SiV — 5) new internal coordinates (symmetry 
coordinates), fx of which have the first symmetry type, f^ the second, and so on. 
That is, to a given value of one of these coordinates correspond displacements of the 
nuclei in agreement with one of the symmetry types. At the same time we choose them 
so that no motion of the center of mass and no rotation of the molecule as a whole takes 
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place (zero angular luoineiitum). These symmetry coordinates are therefore con- 
ceivable normal coordinates which would be the normal coordinates for certain very 
special and usually simple values of the force constants.®^ 

For example, in the case of the symmetrical non-linear XY 2 molecule, Fig. 55a 
shows such symmetry coordinates of species Ai and J5i (see Table 13), the only 
species for which genuine normal vibrations occur (see p. 133). While there is only 
one normal vibration of species Bi and therefore only one symmetry coordinate of 



(a) 

Fia. 55. Symmetry coordinates of non-linear symmetric XYa* 


this species, which is identical with the normal coordinate (see Fig. 53), there is an 
infinite number of possible symmetry coordinates of species Ai of which two mutually 
orthogonal ones were selected in Fig. 55a. The actual normal coordinates are 
linear combinations of these two symmetry coordinates. Of course one might just 
as well have selected another pair of symmetry coordinates of this species such as 
those given in Fig. 55b. The latter are valence type symmetry coordinates [see 

Conversely, Dennison (279), before the development of this theory, used the choice of 
special “limiting” force fields in order to determine the number and type of the normal vibrations 
of simple molecules. 
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Wilson (942) nad p. 168f.] since the nuclei move as nnicli as possible along the chemi- 
cal bonds or perpendicular to them. 

Since the symmetry coordinates are linearly related to the rectangular coordinates, 
as long as infinitesimal displacements are considered, the potential energy is a 
quadratic function of the symmetry coordinates as well as of the Cartesian coordi- 
nates. That is, if Sx, Si - - • are the symmetry coordinates we obtain, from (II, 25), 

2V 


CikSiSk, 

ik 


and similarly for the kinetic energy, from (II, 28), 

2T - S duSSk. 

ik 


(II, 106) 


(II, 107) 


However, if Si and Sk belong to different symmetry types (species) there will be at 
least one symmetry operation with respect to which Si and Sk behave differently. 
For example, for non-degenerate symmetry types there will be one operation for 
which say Si-^ Si and Sk - Sk (or - Si and 8 a, ~> + Sk); that is, there will 

be at least one symmetry operation for which SiSk (and similarly SiSic) changes sign. 
Since, however, the potential energy (as well as the kinetic energy) must be invariant 
with respect to all symmetry operations, it follows that the Cik and du- are zero whenever 
Si and Sk belong to different species. Therefore the secu- 
lar determinant assumes the form indicated in Fig. 56, 
where all elements outside the shaded area are zero since 
they correspond to Si and Sk of different species. Each 
shaded square corresponds to one species. The deter- 
minant can now be written as a product of factors corre- 
sponding to each species. Each of these factors put equal 
to zero gives the normal frequencies of this species. The 
degree of the resulting algebraic equation is equal to the 
number of genuine vibrations of the particular species 
and is thus in general (if the molecule is symmetrical) 
considerably reduced as compared to the degree of tlie 
secular equation obtained according to the two previous 
methods. 

While the factoring of the secular equation has here only been proved for non- 
degenerate symmetry types, it holds also for the degenerate symmetry types Usee, for 
example, Rosenthal and Murphy (750)]. Furthermore it is found that if Sia and 
Sib are two mutually orthogonal degenerate symmetry coordinates of a certain 
species the potential energy depends in exactly the same way on Sia as it does on Sib, 
and the product SiaSu, does not occur. A corresponding result applies to the kinetic 
energy. Therefore there are two identical factors in the factored secular determinant 
(two identical shaded squares in Fig. 56) for each doubly degenerate species.^'^<* In 
the case of triply degenerate vibrations there would be three such identical factors, 
the solution of one of which would give the frequencies of the degenerate vibrations 
of that particular species. 

Here it is assumed that if several vibrations of the degenerate species exist the symmetry 
coordinates are all chosen in such a way that a in the transformation (II, 75) has not only the same 
magnitude but also the same sign (see p. 89). 



ular determinant set up in 
terms of symmetry coordi- 
nates. 
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We can now also give the number of independent potential constants for a molecule. 
If there are fj vibrations (that is, symmetry coordinates) of a given species j, the 
number of coefficients in (II, 106) contributed by this species is |//(/i + 1), and 
since there are no cross terms between coordinates of different species the total 
number of independent potential constants is simply 

iUMfi+i), (11,108) 

where the fj are given by the Tables 35 and 36. 

The fact that the secular determinant factors is independent of whether or not 
the different symmetry coordinates of a given species have been chosen orthogonal 
to one another (see p. 72). But if they are chosen orthogonal to one another it can 
be shown that the kinetic energy contains only diagonal terms duSf^ (see the examples 
below). 


Application to non-linear XYa. For a non-linear symmetrical XYa molecule which 
has two normal vibrations of species Ai and one of species Bi, the potential energy 
expressed in terms of any symmetry coordinates (for example those of Fig. 55a) is, 
according to the above, 

2F = H- 2 C 125 I 11 S 2 + C22iSr2^ + (II, 109) 


that is, there are four independent potential constants. Similarly, the kinetic energy 
is given by 

2T = dxiS^ + 2di2&iiS^ + + dssSs^, (II, 110) 

and the secular determinant is, with C 12 = C 2 i, di 2 = ^21 [^compare equation (II, 34)], 


cii — Xdii 
C21 — Xd2i 
0 


C 12 ~ Xc(!i2 
C 22 — \d22 
0 


0 

0 

C33 — \d-s3 


= 0 , 


(II, 111) 


which is of the form shown in Fig. 56 and can immediately be factored into the 
two equations 


and 

or 


X2 


C33 — Xd33 

(cii — Xdn)(C22 — Xd22) “ 
^22^11 011^22 — 2ci2di2 


0 


diid‘ 


11 U 22 


d 


X + 


12 



(II, 112) 

- Xdnf = 0, 

(II, 113) 

2 

C]lC22 ~ C 12 ^ 

diid'z^ — ^^12 

(II, 114) 


Equation (II, 112) yields directly the frequency of the one antisymmetric normal 
vibration (species Bi) : 


X3 = 


£33 

d;t3 


(II, 115) 


Equation (II, 114) gives the frequencies of the two symmetric normal vil)rM,tions: 



022^11 + Cud22 — 2ci2dl2 
2(d!iifl!22 — ^ 12 ) 

± 'N/(C22dii + Ciid22 — 2 ci2^12)“ ~~ 4 ( cii ^ — C12) (<^11^ 2 2 ~ ^12 ) 

2(diid22 — di2) 


(II, 116) 
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We may also write, according to a well-known theorem concerning algebraic equations, 

Cizdii + Cixdzi — 2 ci 2 di 2 


+ X2 = 4t^(pi^ -j- v^) = 
XiX2 = = 


diidzz 


dlz 


C11C22 


Cl2 


(11, 117) 
(11, 118) 


diidzz — di2 

ord^tnTh? familiar quantities. In 

r^,T t express the Cartesian displacement coordinates 

the symmetry coordinates Sx, Sz, Sz, and then substitute in the 
nnbar expression (II 28) for the kinetic energy. If we consider in Fig. 55a 8^1 Sz 
and /S3 more specifically as the displacements of nucleus Nx in the first second and 

respectively, the displacement coordinates of the other 
ir each symmetry coordinate are easily expressed in terms of Si Sz S^ 

lo p “ Con;^^ -“Vfr® f: nation of liaear n.o JnCffel 

also p. 134). Considering further that the most general displacement is simply a 

superposition of the three symmetry coordinates, we obtain ^ ^ 

= Si ~ Sa sin a, -Si-Sisino:, 3:3 = —S3 sip a, 


2/1 82 83 COS O', 2/2 — 82 + 83 cos ( X , 


mx 

2myr 

2/3 82. 

mx 


(II, 119) 


Substituting into (II, 28) and comparing with (II, 110), we obtain 

dll = 2mY, dzz = 2mYp, ^33 = 2mYT, diz = di3 = dzz = 0, 
where for abbreviation 


p = 1 -}- 


2mY 


7=1 + 


2mY 


sim ot. 


(II, 120) 


(II, 121) 


^^x mx 

e«rrh“p"i4ir *’ "" ' ™“"' 

The potential energy is usually expressed in terms of the changes of 3JV - 6 

f fewer iaternuclear distances and a number of angles 
(ccniml force and valence force coordinates; see below). In the case of a triatomio 
molecule we may use the changes Qi of the three internuclear distances and the 
corresponding force constants ai, of equation (H. 97). In order to find the relation 
of the symmetry coordinates and the Qi we substitute (II, 119) into (II 98) and 
obtain, considering that here 0:1 = 0:2 = (7r/2) — a., ’ 

Qi = ~ sin a 81 — p cos a 82 — rSs, 

Qz = — sin a 8i — p cos a: 82 + r83, (H^ 122) 

Qz = - 28i. 

Substituting this into (II, 97) we obtain, since here ai3 = a23 and an 

cii = 2 (an + a]2) ain^ « -p 40,33 + Srti;, sin a, 

C12 = 2p(aii + ai2) sin a cos a + 4ai;tp cos a, 

C22 = 2 p^(aii + ai2) cos‘^ a, 

C33 = 2r“(an — ai2). 


<*22, 


(II, 123) 
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and of course, as was to be expected, C 13 — C 23 = 0. Finally, substituting (II, 120) 
and (II, 123) into (II, 115), (II, 117), and (II, 118), we obtain the frequencies in 
terms of the ■potential constants aik, the masses, and the angle a: 

Xs = = ( — + -—sin- a \ (an — aia), (II, 124) 

\mY mx J 

\l “f" X 2 = 4x^(ll'l“ -f~ J'2'^) 

/ . N . 2a33 , 4ai3 , 

(ail + ai 2 ) -b “ — ■ + sin a, (II, 125) 

mv my ^ 



Xi*X2 = 16irVa^i'2^ == 


2(2wy + mx) 
myf’m'si 


cos^ oiQaii -}- ai2)a33 — 2ai3]. 


(II, 126) 


In order to obtain Xi and X 2 separately one would have to solve the quadratic equation 
[corresponding to (II, 114)3 

X2 - (Xi + X 2 )X + Xi-Xa = 0. (11,127) 


As before (see p. 145), the normal coordinate belonging to a certain normal fre- 
quency is given by any row of first minors of the secular determinant after substitu- 
tion of the particular value of X. In the present case, substituting X 3 into (II, 111 ) 
and taking the last row of minors, we obtain for the normal coordinate ^3 


Si : S 2 ' Sz = 0 : 0 : 


cii — Xsdii 
C21 — X3d21 


c:2 — X3di2 
C22 — X3d22 


(II, 128) 


In other words, the normal coordinate ^ 3 , apart from a constant factor, is identical 
with the symmetry coordinate Sz in agreement with our previous discussion (p., 133). 
Substituting Xi into (II, 111 ) and taking the first row of minors, we obtain for ^ 1 , 

Si : St : Sz = (C 22 — Xid22) : — (c2i — Xid2i) : 0 
= [2p(an Hh ait) cos^ a — 2XimY3 • 

— [2 (an + ai 2 ) sin CK cos a + Aau cos a2 : 0, (II, 129) 


and the same expression with X 2 for ^ 2 . Thus ^1 as well as I 2 is a superposition of Si 
and St of Fig. 65a in the ratio given by (II, 129). It is seen at the same time that 
one needs only to take the ratio of the minors of that factor of the secular determinant 
that corresponds to the species considered. 


Application to symmetrical planar X2Y4. In the ethylene-like molecule X2Y4 of point group Vh 
(see Table 14), if we choose as previously the z axis perpendicular to the plane of the molecule and 
the X axis in the line X — X, we have for the number of the various sets of identical nuclei (see Table 
35) : m = 0, ■mxy = 1, mxz = 0, = 0, mtx - 1. miy — 0, m2* = 0, mi - 0. Therefore there are 

three vibrations 6f species Ay, one of species A,,, two of species Biy, one of species Biu, one of species 
Bty, two of species Btu., none of species Bzu, and two of species or, symbolically, the resolution 
into the various species is given by 

3Ag •+- Au +• 2Big -t- Biu + Big -p 2^2(1 + 2Bzu. (II, 130) 

A possible set of symmetry coordinates S\, * * ■, <Si2 is given in Fig. 57. In view of a later applica- 
tion (p.l89f.), they have been so chosen that wherever possible they are symmetric and antisymmetric 
combinations of the symmetry coordinates of XY2 (Fig. 55a). Otherwise all symmetry coordinates 
could have been so chosen that the nuclei move only in the a:, y, and z directions. Of (H)ur8e an 
infinite number of other possibilities exist for those species for which more than one geniiinc vibration 
occurs. 
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The potmtuil, and km<^hk amraics in terms of the symmetry coordinates of Pig. 57 are 
2 T = CikSiSi + cuSa^ + 2 CihSiSk. + + cssSs® 

k-X, % 3 Q 


+ S dkSiSk + S dkSiSk, 

i, fc "S. 10 f. fc =1 1, 12 


2T 


■ + ^44*^4® + 2 doeSiSk + + dsgS^ 

», *~1, 2, 3 g 

4" 2 dikSiSk + 2 dikSiSk, 

*•*"9.10 t,fc“U,12 





(II, 131) 


(II, 132) 











was madvertently omitted from the first diagram, 
rquations arpS-LTO) • ^ resolves (see Pig. 6(}) into the 


nucleus 


seven 


Cli — 

Xdu 

Ci2 

X<^i2 

^13 

— Xdi3 

< >I ““ 

^<hi 

(>>2 ' 

- X</22 

C*2’,i 

- Xd.23 

<^31 — 

Xr/ai 

C;V2 ’ 


Cn 

— Xdjs 



Cu - 

II 

1 

(h 



ef,5 — 


^^50 — 

X^/fto 



C(jr, — 

X^/of) 


Xrffifl 

= 0, 



<^77 - 

>' 

-3 

“•3 

II 

0, 




Thh — 

" Xr/H}i = 

0, 



0 . 


c#9 Xr/flB C910 — X<i9io 

Cloo — Xd]09 ciolo — Xdioio 

<>1111 — Xdnn Cui2 — Xdni2 

Cl2n — Xdi21T C1212 — Xdt2I2 


0. 


(II, 133) 

(II. 134) 

(II, 135) 

(II, 136) 
(H, 137) 

(II, 138) 
(TI. 139) 
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None of these equations is of a degree higher than three, whereas without using symmetry coordinates 
we should have had to solve a secular determinant of 12 rows and 12 columns, even after the zero 
roots had been eliminated. 

From equations (II, 133—139) the frequencies of the normal vibrations can immediately be obtained 
in terms of the ah and diu^ In order to obtain the dih in terms of the masses of the nuclei and the 
dimensions of the molecule we have to express the Cartesian displacement coordinates in terms of 
the symmetry coordinates. We see readily from Fig. 57, that 


where 


— Si + Sa M cot a: 5^6 + sin o: Se — /x cot ot /So — /x tan a Sio + /Sn, 

2/1 == — iS 2 4 “ /X ^6 + ja'ix cos o: /Se + /x/So — ju/Sio — /S 12 , 

^1 = + >84 — fxSi — /X 7 

0 

>Si + /S 3 + AX cot ot Sh -- jxu sin o: Se + /x cot a So + ju tan a /S^o + Siu 

2/2 == + >S 2 + AxSs + pLU cos o: /Se + a*>So — /x^io + 

22 = — iS 4 — AtS? — AX 7 

b 

/3ii, 

AX AX 

— — Ss — ^6 — /So + >Sio, 

^3 = + >S 7 + 58 , 140 ) 

X 4 = + 5i 4 — 5a 5n, 

AX AX 

2/4 = 4" 5q + 56 — 5o 4“ 5io, 

S 4 = 4” 5? — 58, 

X 5 =: 4 " 5 i Sa /x cot oc Sq d' Axix sin a: Sc 4 “ ax cot o: 5 g 4 " Ax tan o: 5 io 4 “ 5 h, 

2/c ^2 AxSf, fxu cos Of aSc 4~ AxSg — Ax5io 4" 5i2, 

^6 = 54 — fiSi 4 “ AX 7 ^8, 

b 

= 4 - 5 i — 5 a + AX cot OL 5 r. — /xu sin o; aSo — /x cot oc Sg — ju tan a 5 io 4 - 5 n, 

2/6 = 4 go — jLtSs — juu cos ex 5 c 4 ax 5 o — JUjSio — 5 i 2 , 

Zfi = 4 - 54 — ax 57 4- ax 7 Sg, 


AX 


mx 

2mY 


u = 


a cos o! 


b -r a sin^ a 


(II, 141) 


and where the numbering of the nuclei and the dimensions of the molecule are as indicated in Fig. 57. 
Substituting (II, 140) into the expression (II, 28) for the kinetic energy and comparing with (II, 132), 
we obtain, with M = 2/nx 4- 4mY, 


dll = M, d22 = 4 wy, 
<^55 = pCM + 2mx cot^ a), 


_ M 

^ » di2 = di3 == == 0, di4 = 4m Y, 


d77 == 


rriY 


4- 2mx, 


doe = 4mYAx^'xx2 + 2?nx. doe = 2mx, 

dfio == /ji(M 4* 2m X cot^o;), 
M 


^33 === « + 2mx, 

niY b^ 


(II, 142) 


dioio = ax(M 4- 2mx tan^o:), dgio = ~ 2//'Xx, dmi = 


di 2 i 2 = 4 m Y, diu 2 = 0 . 


AX 

It may be noted that for the two species and Bzu for which the symmetry coordinates have been 
chosen orthogonal to one another the dih with i ^ k vanish. 
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It would be fairly simple though somewhat tedious to express the potential constants Cik in. terms 
of aik formed in a way similar to that described above for the molecule XY 2 .*® Instead of doing this 
at the present stage we shall later (p. 183) express the dk in terms of the potential constants of a 
somewhat more specialized force field. 

While for the vibrations Vi, vt, and it's the normal coordinates are, apart from a factor, identical 
with the symmetry coordinates (Fig. 57), for the three totally symmetric vibrations vt, *' 2 , vs the 
actual form of the vibrations is obtained by superimposing Si, Sz, and Ss in the ratio of one row of, 
minora of (II, 133) with \ = Xi, X 2 , or X 3 , respectively, that is, in the ratio of 

C22 — \idzz CZ 3 ■ — \id23 C23 — y^idzs C21 — Xid21 C21 — Xidji C22 — "^{dzz 

C32 — \id3z C33 — Xidss I Css — Xjdss C31 — Xidsi [ C31 — Xidsi csz — Xidsz 

Similar relations hold for the vibrations vs, ve, vo, no. rii, and »'i 2 . 

Application to linear symmetrical XY 2 - In a linear symmetric XY 2 molecule of 
point group Dooh (for example CO 2 ) there is only one vibration of each of the species 
Sj;'*', Xu"*", IIm, (see Table 36). The symmetry coordinates are identical with the 
normal coordinates given in Tig. 25b. According to the above, the potential and 
kinetic energies expressed in these coordinates are 

2V = CnSi^ + C22(^2a + ^i&) + CssSs^, (II, 143) 

2T — H- <i22('§io + (II, 144) 

where Sza and Szb are the mutually degenerate and orthogonal symmetry coordinates 
of species Hu. The secular equation resolves into three linear equations: 

cii — Xidii = 0 , C22 “ X2d22 = 0 , C33 — X3d33 = 0 . (II, 145 ) 

From Fig. 25b, the Cartesian displacement coordinates may easily be expressed 
in terms of the symmetry coordinates. Numbering the nuclei 1, 2, 3, from left to 
right and taking the x axis in the direction of the internuclear axis, we obtain 


Xi — — Si — 

mx 

2 mY ' 

mx 

Zl = 

a 

2mY 

x» = -f- Sa, 


yz — +• Sza, 

Zz = 

4- >826 (II, 146) 

xs = 4- — 

mx 

2mY 

mx 
“ 2mY 

za = 

mx 

2mY 


wliere Si is the disi^lacement of the right nucleus Y in while Sza, Szb, and Ss are 
the displacements of the X nucleus in vza, vzh, and vs, respectively. Substituting 
(II, 146) into the expression (II, 28) for the kinetic energy and comparing with 
(II, 144), we obtain 

dll == 2mY, ^22 = ~ 147) 

In the present case it is customary to express the potential energy in terms of 
the changes Qi and Qz of the two internuclear distances and the angle of deviation 
from a straight line either in the xy or in the xz plane, which we designate by <pa 

This calculation is somewhat simplified if it is noted that the relation between the dk of a 
given symmetry typo and the aik can bo obtained by putting in (II, 140) those 8% equal to zero that 
do not belong to that symmetry typo. 
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and <pb, respectively. These are valence force coordinates (see below). It is 
immediately seen that 

Qi = xa — xi, . Qi = xz — x%, 

1 1 (II, 148) • 

V>a = ^ (2/1 + 2/3 — 22/2), <Ph = Y (21 + 23 — 222) , 


where I is the equilibrium internuclear distance between X and Y. Substituting 
(II, 146) into (II, 148), we have 

= a8i -h (1 + m)^3, <32 = — (1 + 

2 2 (11,149) 

<Pa — Y 0 - + A*)'S^2a, ^6 = ^ (1 + 

where ix ~ mxl^'tnY. In terms of Qi, Q 2 , <pa, <Pb the potential energy is 

2V = (IhQt^ + 2ai2<3lQ2 + ^ 22 ^ 2 ^ + 0,3Z<Pa^ ~1~ Cti4(pb^, (II, 150) 


where no cross terms Qicpa, <3i'P6, Q%<Pa^ Q^<Pb, <Pa<Pb occur because <pa and tph are, 
apart from a constant factor, the symmetry coordinates /S 20 and »S' 26 - Since the po- 
tential energy must remain unchanged for a reflection at the center of symmetry and 
for a rotation by 90° about the axis, we must have 

an = ^22 and a-jz = au- 

Substituting (II, 149) into (II, 150) and comparing with (II, 143), we obtain 


n/ I \ 4(1 -f" A^)^ 

Cii — 2 (an + an), C22 = cizz ^ 


C 33 = 2(1 -h //)“(aii — aia). (II, 151) 


From this and from equations (II, 145) and (II, 147), the frequencies of the normal 
vibrations follow: 


= Xi 


an "h ai2 
niY 


47rV2‘“ 


X 2 = 


2(mx -f- 2mY) o,. 
nixniY i 


33 

2 ' 


(II, 152) 


4x^3^ 


X 3 = 


wx + 2mY 
mx'tnY 


(ail 


am). 


Here an is the force constant of the X — Y bond, ai 2 is the force constant that gives 
the interaction of the two bonds and azz is the force constant for the bending of the 
molecule. It is seen that the frequency of the degenerate vibration V 2 of tlie mole- 
cule depends only on a 33 as was to be expected, while the frequencies of the non- 
degenerate vibrations vi and vz depend only on an and ai 2 . 

Application to pyramidal XYa. As a somewhat more complicated example of a 
molecule with degenerate vibrations we consider the ijyramidal XY 3 molecule of 
point group C 3 ®. According to Table 36 there are two vibrations each of the species 
Ai and E. Symmetry coordinates Si, S 2 , Sza, Szh, Sia, Sib, as suggested by Howard 
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and Wilson (462), are given in Fig. 58.'“* In terms of 
the potential and kinetic energies are [^see (II, 106) and 


these symmetry coordinates 
(II, 107)3 


21 — CiiaS'i'^ + 2Ci2/8i*S2 + C2iS‘^ + C33(<S3a + /Slfi) 

+ 2c34(.S3„;S4a + + C44(^L + Slb), (II, 153) 

QiT = dnS>x‘‘ -j- 2di2<8i>$2 H~ d22*§2" 4“ dzui^^a Ar >§3*) 

+ ^dziiSsa^ia H” Szb&ih) + d44(>§4a + ^Ift)- (II, 154) 




Fi(i. 58. Symmetry coordinates of pyramidal XY3. — The displacemont vectors of the X nu- 
cleus in Su *^ 2 , *S' 3 „ and *S '36 are 8(mY/»/-x)-S'i cos /3, 3(mY/w»x)*S'2 sin /3, 3(mY/mx'^Ssa sin ^ and 
3(mY /7nx) Sgi, sin 0 rc.spe<'tivcly, where 0 is the angle between an X — Y bond and the axis of symmetry 

Here account has been taken of the requirement (see p 147) that the dependence 
on each pair of mutually degenerate coordinates must be identical and that cross 
terms between coordinates of different species do not occur. There are six inde- 
pendent potential constants dk. The secular determinant breaks up into three 

Naturally we could also have chosen symmetry coordinates Si, Si, and -Ss in which the Y atoms 
move parallel or perpendicular to the axis of symmetry similar to those of XYj (Pig. 56a). This 
would simplify the calculation of the dih but complicate the calculation of the Cik. 
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factors, 

cii — Xdii 
I C21 — \dix 


of which the last two, corresponding to the degenerate vibrations, are identical and 
where, as always, Cik = Cki and dik — dki- From (II, 155) the frequencies of the 
normal vibrations are immediately obtainable in terms of the Cik and dik- 

In evaluating the dik in terms of the masses of the atoms and the dimensions of 
the molecules we may use a different orientation of the coordinate system for each 
nucleus, as indicated in Fig. 58. Taking Sx, S 2 , Ssa, Sia, S^b as the displace- 

ments of the nucleus 3, we obtain: 

Wy . a 

Xj 3 sin 0 Ssaj 2/1 ™ ^ sin 0 Ssbf 

myi mx. 

niY ^ „ 

Si == 3 — cos 0 Sx — ^ . — sin 0 S 2 ; 
mx mx 

X 2 = S 2 + cos 0 Sia, 2/2 = ^ 46 , 22 = ^1 - 2*S3a + siu 0 S^a', (II, 156) 

Xa = jS 2 — 3 cos 0 Sia — cos 0 Sib, 2/3 == ^"^SSia — -|'S!46, 

S 3 = Sx “ 1 “ Sza “h "^^Szb — 2 sin 0 Sia — i'Vs sin 0 Sib’, 

Xi — S 2 — J cos 0 Sia "!■ §"^3 cos 0 Sib, 2/4 “ ^yfZSia 2*S'46j 

• Zi = Sx Sza — '^Szb — I- sin 0 Sia + I V 3 sin 0 Sn,. 


0 is the angle between the line X — Y and the axis of the molecule. Substituting 
in (II, 28) and comparing with (II, 154), we obtain 


dll = Sm^p, 
dzz = bmyr. 

di 2 = — 3mYS, 
d 34 = — 3mY sin 0, 

(^22 = 3wY(2r — 1 ), 
d!44 = 3mY, 

(II, 

157) 

where for abbreviation 





wy 

p = 3 COS'- /8 4- 1, 

mx 

3 WtY 

r = ^ sin^ jd + 1 , 

2 mx 

rriY 

s = 3 - sin 0 cos 0. 
mx 

(II, 

158) 

As should be the case, the same values for dzz, dzi, and d 44 are obtained from the 
coefldcients of /SL, Sza0ia, and as from the coefficients of /§!,;, and 

Therefore in working out the dik in this and other cases, it is only necessary to con- 


sider one of each degenerate pair of symmetry coordinates; that is, in (II, 156) Szb 
and Sib could have been put equal to zero. It may be noted that here dv> and d ;(4 
are not equal to zero since /Si has not been chosen orthogonal to S 2 , and Sz not 
orthogonal to Si. 

At this stage we shall not attempt to express the potential constants c-ik in terms 
of more conventional quantities. This will be done later (p. 162 and j). 175) in 
terms of the constants of more specialized force fields. 


C 12 ■ 
C 22 f 


Xdi 2 

Xd 22 


0 , 


C 33 

C 43 


Xdsa 

Xd43 


C33 — Xdsa 

C43 — Xd43 

C 34 — Xd34 
C44 — XCZ44 


C 34 

C44 


Xd34 

Xd44 


0 , 


(II, 155) 


= 0 , 


^ The factor Vs is introduced in order to have the same normalization for Szb as for /S's,,. 
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In a manner similar to the previous cases (XY 2 , X 2 Y 4 ), the actual form of the 
normal vibrations is again obtained by superimposing the symmetry coordinates in 
the ratio of the minors of the secular determinant, as below. 


For 

vi: 









Sx ; 

I S 2 ~ 

(C22 - 

- Xid22) : 

~ (C21 - 

- Xid2i), 

For 

Vi'. 









Si : 

:^2 = 

(C22 - 

- hid^i) : 

— (c2i - 

- X2d2l), 

For 

vz\ 









Sz : 

: S, = 

(C 44 - 

— ^ 3 ^ 44 ) ■ 

— (C43 - 

- X3d!43), 

For 

V 4 : 









^3 

: Si = 

(fiii - 

- \idii) : 

■“ (Ciz - 

- X4<i43). 


(II, 159) 


All the above examples were molecules with comparatively few atoms and of 
rather high symmetry. For molecules with more atoms or less symmetry, the secular 
equations frequently cannot be resolved into factors of an easily manageable degree 
even by using symmetry coordinates. More elaborate methods of dealing with such 
cases have been worked out, particularly by Wilson (940) (942), who has also de- 
veloped a method to obtain directly the expanded secular equation (in algebraic 
rather than determinantal form). 


Solution by the use of mechanical models. In view of the complexity of the 
mathematical calculations in many cases, Kettering, Shutts, and Andrews (501) first 
introduced the experimental study of the vibrations of molecular models. Steel balls 
representing the nuclei are connected by springs representing the forces between 
them; these models, suspended by rubber bands, are set into vibration by means of 
an eccentric disk driven by a variable-speed motor. At certain speeds of the motor 
resonance occurs, whereas otherwise the model remains quiet. The resonance fre- 
quencies are the normal frequencies of the model. At the same time, by a stroboscopic 
method or photographically [^Andrews and Murray (53) U, the type of motion be- 
longing to each particular normal frequency can be determined. If the ratios of the 
linear dimensions, the masses and the force constants are the same in the model as 
in the actual molecule, the frequencies of the model are in a constant ratio to those 
of the actual molecule. Thus, if the force constants and the geometrical structure of 
a molecule are known the fundamental frequencies can be predicted from those of the 
model rather than by calculation; or, conversely, by using a number of different 
models and comparing the model frequencies with the observed frequencies of the 
molecule one may obtain conclusions about the geometrical structure as well as the 
ratio of the force constants. 

The method has been successfully applied to CCI 4 , CHCI 3 , C 2 H 6 , C 2 H 4 , C 2 H 2 , 
CH 3 OH, C 2 H 6 OH by Kettering, Shutts, and Andrews (501); to a number of metal 
carbonyls and allyls by Duncan and Murray (293) ; to CeHc, CcHsCHs, and the 
phenyl halides by Teets and Andrews (833); and to the various chlorobenzenes, 
CeHeCl to CaClo by Murray, Deitz, and Andrews (649). Trenkler, in a series of 
papers (870) (871) (872) has considerably improved on the method for the case of 
the plane oscillations of plane molecules. He investigated in detail the dependence 
of the frequencies of three- and four-particle systems on the arrangement of the 
masses as well as on the ratio of the masses and the strength of the bonds. He also 
studied the benzene ring and other cyclic molecules with six atoms as well as some 
benzene derivatives. 
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Ther© are a number of liinitaMons to ttie method of molecular models as used by 
the authors above mentioned. It is difficult to approach the ideal of mass points 
connected by weightless springs in these models, since the springs must have con- 
siderable strength. Furthermore, in order to study the influence of a change of force 
constant or geometrical configuration one has to build a different model for each set 
of trial values. Finally, while the models are well adapted to the valence force 
system (see section 4d) it would not be easy to study more complicated force systems 
with their aid. 

MacDougall and Wilson (593) have overcome these difficulties in a very ingenious 
way. They gave up the geometrical similarity between the model and the molecule 
but built a system of coupled harmonic oscillators having the same kinetic and potential 
energies (except for a scale factor) as the molecule under consideration. Such a 
system will have, apart from a constant factor, the same frequencies as the molecule. 
As oscillators MacDougall and Wilson use rods with heavy masses attached to them 
supported by an axis through the center of mass and connected by springs to a solid 
base. A number of such units are placed side by side and interconnected by a 
number of springs representing thp coupling of the oscillators. Since the springs 
are only extended or compressed and do not need to resist bending, they can easily 
be made of negligible weight as compared to the heavy masses that give each oscillator 
its moment of inertia. 

If Hi is the angular displacement of the ith unit from its equilibrium position and 
if li is its moment of inertia, the total kinetic energy T of the set is given by: 

2!r = E IM, (II, 160) 

i=l 

where the summation is over all n units; the potential energy V is given by 

= (11,161) 

i, J 

where the aij depend on the position and stiffness of the springs. Mathematically, 
the frequencies, v — l/27rVx, of the system are obtained from the corresponding 
secular equation 


an — JiX 

Ul2 




«21 

a^'z — Iz^ 

<*23 

* “ * 

^2 7i 



<*n3 

. - . 

0/nn 1 


which is seen to be of the same form as the secular equation for the molecular vibra- 
tions. Therefore by adjusting the springs in the model, that is, the a,:y, and the 
moments of inertia, li, in such a way that they are proportional to the corresponding 
quantities in the molecular problem, the molecular vibration frequencies can be 
determined from thfe observed resonance frequencies of the mechanical model. In 
fact, any secular equation may be solved in this way. There is no restriction on the 
potential energy except that it is to be a quadratic function of some coordinates. 
But these coordinates have to be chosen in such a way that the kinetic energy does 
not contain any cross terms. One may, for example, use simply Cartesian coordi- 
nates for each atom. However, that requires 3N units of the machine if there are 
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iV atoms since each unit corresponds to one coordinate; For symmetrical molecules 
the necessary number of units of the machine can be considerably reduced by using 
the symmetry coordinates introduced above and solving mechanically the secular 
equation for each symmetry type. The number of units is then equal to the number 
of genuine vibrations of that symmetry type. The springs have to be so adjusted 
that the Uik are proportional to the previous Cik and the moments of inertia so that 
they are proportional to the Also, the symmetry coordinates have to be chosen 
in such a way that the kinetic energy contains no cross terms. This is the case if 
the symmetry coordinates are chosen orthogonal to one another (see p. 148). 


(c) Assumption of central forces 

General considerations. Only in very few cases such as H2O CVan Vleck and 
Cross (885)3] H3 and H3+ [Hirschfelder (453)31 is it feasible to obtain the values 
of the potential constants of a polyatomic molecule on a purely theoretical basis and 
then predict the vibrational frequencies by solving the secular equation in the above 
described way and compare them with the experimental values.®® In all other eases 
one must try to determine the 'potential constants (or force constants) from the experi- 
mentally observed fundamental frequencies of the particular molecule. However, in all 
except a very few cases the number of potential constants + 1) summed over 

all symmetry types (see p. 148)3] is .larger than the number of normal vibrations 
(3iV — 6) and therefore the former cannot all be determined from the latter. One 
way out of this difficulty is the investigation of isotopic molecules for which the 
potential constants are the same (at least to a very high approximation) but the 
frequencies different, thus supplying additional equations for the potential constants 
(see section 6). Another way is to make certain more sjoecific assumptions about 
the forces in the molecules such that the number of force constants to be determined 
is reduced. 

The first such assumption that we shall have to discuss in more detail is the as- 
sumption that only central forces act between the atoms in a molecule; that is, we assume 
that the force acting on a given atom in a molecxde is the resultant of the attractions and 
repulsions by all the other atoms, and that these attractions and repulsions depend only 
on the distances from these other atoms and lie in the lines connecting them with 
the one considered. This is equivalent to assuming that the potential energy is a 
purely quadratic f unction of the changes Qi of the distances U between the nuclei (the 
central force coordinates) without any cross products; 


2F = E ai,(lr 


(II, 1G2) 


The equivalence of the two assumptions is immediately seen if the derivatives of V, 
which give the force components, are formed ; for example, 


F./ 


dx/c. 


E auQ, 


9Qi 

dxk 


Here dQijdXk vanishes for all but those Q;. that involve the nucleus k, and for these 
it is equal to cos (U, x). Thus the contributions to the force F* on k have the 
magnitudes auQi and have the directions of the L. 

38 Even for diatomic molecules there are only two or three cases where the vibrational frequencies 
have been predicted from theory. 
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It is obvious that the assumption of the potential function (II, 162) leads to a 
considerable simplification, particularly when in consequence of symmetry some of 
the an are identical. Frequently the number of force constants under this assump- 
tion is smaller than the number of normal frequencies. Therefore not all normal 
frequencies need be known to evaluate the force constants and those not used may 
be predicted or their assignment checked by the calculations. 

Application to non-linear symmetric XY 2 . In the case of non-linear symmetrical 
XY 2 molecules the assumption of central forces means that ai 2 , uis, and 023 in the 
previous equation (II, 97) are zero and we have, since a 22 = an, 

2V = anCQi^ + ^ 2 ^) + azsQz^; (II, 163) 

that is, there are only two potential constants which are indeed- overdeter mined by 
the three normal frequencies. Putting axz = 0 and ais = 0 in the previous more 
general equations (II, 124-126) we obtain for the frequencies: 

(II, 164) 
(II, 165) 
(II, 166) 

These equations were first derived by Dennison (277). If the frequencies vx, vz, vz 
as well as the angle cn are known one can determine axx from (II, 164) and a-zz from 
either (II, 165) or (II, 166). The third equation may then be used as a check on the 
consistency of the assumption of central forces. 

In Table 37 are given for a number of triatomic molecules of the type XY 2 the 
constants axx and asa as determined from the observed frequencies by means of 
(II, 164) and (II, 166) assuming the values of cc given in the fifth column. These a 
values have been obtained from the rotational structure of infrared bands (see Chapter 
IV) or from electron diffraction measurements. Instead of the actual frequencies, 
in Table 37 the wave numbers of the fundamental hands (see Chapter III) are given, 
which in agreement with common practice are also denoted vx, vz, In substitut- 

ing them into the equations (II, 164—166) the values given must therefore be multi- 
plied by c = 2.99776 X 10 ^®. If the Vi are substituted in cm“^ and the masses in 
atomic-weight units the on the left side of these and similar equations have to 
be multiplied, instead of by 4x‘-^, by 

4ir^c^Mx = 5.8894 X 10~2, (II, 107) 

where Mi is 3 ^ of the mass of the atom (= 1.6600 X 10”^'* gm).^®“' 

It is seen from Table 37 that, as was to be expected, the force constant 0.33 for 
the Y — Y “bond” comes out considerably smaller than the force constant an for the 
X — Y bonds. Also in the case of the pairs H 2 O and D 2 O, H 2 S and D 2 S, H 2 Se and 

In the nomenclature used for diatomic molecules they would have to be called ACjj, 

Compare the values of the fundamental constants in the appendix p. 638. 
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D 2 Se, the force constants are nearly the same, as they should be for isotopic molecules 
(see section 6). 

The last two columns of Table 37 give the left- and right-hand sides of equation 
(II, 165) multiplied by mv- If there were actually central forces only, these two 
columns should agree. It is seen that there is agreement within about 25 per cent. 
While this agreement is not very good, one may say that at least very roughly the 
forces between atoms may be considered as central. It is noteworthy that the 
differences between the last two columns of Table 37 are all in the same direction. 


Table 37. force constants op non-linbab xy2 molbcttles as obtained from the 

OBSERVED FREQUENCIES, ASSUMING CENTRAL FORCES. [^REVISION AND EXTENSION 
OP A SIMILAR TABLE BY PeNNEY AND SUTHERLAND (692) 2|. 


Molecule 

ri(cm 

(cm 

V;i (cm 

2o: 

an 

C&33 

4'iT^mY 

X(»'l^-l-»'2^) 

/ 2mY ^ \ 

2(^33 1 + coa^ ce ) 

\ rnx / 

H.O 

3662 

1595 

3756 

105° 

7.76 

1.85 

9.44 

11.82 

D2039“ 

2666 

1179 

2784 

105° 

7.94 

1.89 

10.08 

12.46 

HaS 

2611 

1290 

2684 

92° 

4.14 

0.940 

5.04 

6.16 

DaS 

1892 

934 

1999 

92° 

4.46 

0.908 

5.28 

6.54 

HaSe 

2260 

1074 

2350 

90° 

3.24 

0.626 

3.72 

4.63 

DaSe 

1630 

745 

1696 

90° 

3.33 

0.594 

3.81 

4.60 


2968 

1444 

3000 

115° 

4.77 

2.01 

6.48 

9.03 

S02®“ 

1151 

524 

1361 

120° 

9.97 

3.24 

15.33 

18.94 

NO 2 

1320 

648 

1621 

120°»9 

9.13 

4..34 

20.40 

23.02 

F 2 O 

830 

490 

1110 

104° 

5.57 

1.45 

10.40 

13.49 

CI 2 O 

680 

330 

973 

111° 

4.93 

1.28 

11.94 

14.51 






xio» 

dynes /cm 

XIO® dynes/cm 


One might be tempted, in cases in which the angle a. is not known from other 
data, to determine from the three equations (II, 164-166) not only the constants an 
and a-iz but also the angle a. However, if this is done for the examples of Table 37 
no agreement with the known angles is obtained; in fact, in most cases imaginary 
values for a result (sin a: > 1). While only slight adjustments of the frequencies 
would be necessary to produce the correct values of a, it is obviously impossible to 
use this method for a determination of a. in other cases. 

Linear triatomic and plane more-than-triatomic molecules. In the case of a 
linear triatomic molecule (symmetric or non-symmetric), the assumption of central 
forces would lead to the frequency zero for the perpendicular (degenerate) vibration 
since in this vibration the distances of the atoms do not change except in higher 
order; or, in other words if o: = 90® is substituted in equations (II, 165 and 166) 
the observed non-zero frequency of the perpendicular vibration leads to an infinite 

Since the above table was calculated, Maxwell and Mosley (607) have obtained an angle of 
130"^ zh 2*^ from electron dilTraction, while Harris and King (413) have obtained an angle of 154^ 
from the ultraviolet absorption spectrum. 

The frequencies given here arc those available at the time this table was calculated. The 
most recent values are given in Chapter III, section 3a. 

The frequencies of CH 2 are those obtained by Sutherland and Dennison (828) from a study 
of the frequencies of li^CO. 
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value for ass. Hence the assumption of central forces cannot be made for linear 
molecules and one would expect it to be a very poor approximation for very wide- 
angled triatomic molecules. 

Similarly, for plane molecules with more than three atoms such as H 2 CO, C 2 H 4 , 
and others, the assumption of central forces would lead to zero frequencies for the 
vibrations perpendicular to the plane. 


Application to pyramidal XYs molecules. The assumption of central forces leads 
again to reasonable results for non-planar four-atomic molecules such as the pyramidal 
molecules XY 3 discussed previously. The potential energy in the latter case is 

2 V = ai(Qi 2 -h Qis + Qi 4 :) + 02(^23 “h Q 2 i~i~ Q%^y (H, 168 ) 

the Qik are the changes of distance between atoms i and k (for the numbering of the 
atoms see Fig. 58), ax is the force constant for the central force between atoms X 
and Y, and a 2 is the force constant for the central force between two Y atoms. As 
always for central forces there are no cross ternis between different Qik in Y. 

Expressing the Qik in terms of the displacement coordinates Xi, yi, Zi introduced 
above (see Fig. 58), we obtain 


Qi2 

Qis 

Qi4 

Q23 

Q 24 

Qsi 


xx sin /3 4- cos /? -h 2 : 2 , 

— frci sin /3 -f- -iVityi sin /3 Zx cos /3 Zz, 

VSyi sin yd -+- cos /3 Z4, 

hyz + 1 ^ 32:2 sin + i'^Sxz cos -|- I 2/3 + sin /?, 

^^3x2 cos /? + iy2 + -i-'v/322 sin B + ■|V 3 .'C 4 cos /3 — f y 4 + W 324 sin /3, 
VSxa cos B — - 2 i 


— ^Xx- sin B 
§ ^[3x2 cos B 


X 

•TiCi 


^- 7/0 - 4 - 1 ' 










Substituting the Xi, yi, Zi from (II, 156) into these equations but putting 8^36 = 0 and 
S\b — 0 (since we know beforehand that the dependence on Szh and S.xb will be the 
same as that on Sza and S^a), we obtain, in terms of symmetry coordinates, 


Qx 2 — pSi — sSz ~ 2rSza + sin BSah, 

Qxs = pSx — sSz 4- rSzu — 2 sin BS^u, 

Qx 4, = -pSi — sSz 4- rSza ~ I- sin BSia, 

Qzs = Vs sin B^i 4- 'V 3 cos BB2 — sia BSsa 4- I V3/S4a, 

<324 = Vs sin B^i 4- '^3 cos B^z — sin B'Ssa 4- -|V384a, 

<334 == ■V 3 sin /S/Si -f- V 3 cos /38r2 + VssinySSsa — 


( 11 , 169) 


where p, r, and s are given by (II, 158). 

Substituting (II, 169) into (II, 168), we obtain for the potential constants dk in 
the genei’al equation (II, 153), 

cti = 3j}^ax 4- 9^2 sin'-^ B, C12 = — 3 psai -+• 9a2 sin B cos / 3 , 

C22 = -h 9a2 cos‘^ B, C33 = Gr^ai ^02 sin“ B, 

C 34 = — 3rai sin /3 — !-«•> sin /3, C 44 = §ai sin- /3 -f- a-a-j. 


(II, 170) 
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The other au are of course zero. We can now substitute these and the da- from 
(II, 157) into (II, 155) in order to obtain expressions for the normal frequencies. We 
obtain, for the two non-degenerate vibrations 


Xi + X2 == -h v^) = ^ 1 -f- 3 — cos2 ^ ™ 4- 3 (II 171) 

\ nix. / lyiY niY 

X1X2 = IQirWvz" ^ ^ 172 ) 

and similarly for the degenerate vibrations, 

X3 + X4 = 4 :rr^(ps^ -f- ==^14. sij^a ^ \ ^ _j_ 

\ 2mx /tUY 2 My’ 

X3X4 = leTT^vsV? = 1 ^ 2 - sin2 S + sin2 ^ \ — • (H 174) 


These solutions, although in a slightly different form, were first obtained by Den- 
nison (277). 

Since there are four frequencies and only two potential constants, one may use 
(II, 171) and (II, 172) to determine the latter from the non-degenerate frequencies, 
and use (II, 173) and (II, 174), that is, the degenerate frequencies, as a check on the 
validity of the assumption of central forces, or vice versa. If the angle is not known 
from other data one may also use three of the equations to determine the three 
unknowns <21, <22, and 0 and use the fourth equation as a check. For the calculation 
of the angle 0 it is best to divide (II, 174) by (II, 172), since then the force constants 
drop out. One obtains 


cos^ 0 


*1 *> 
vi-vi 


•> ■+■ 7 


3mY 


mx 


Smy -f- nix 


(II, 175) 


Table 38, which is similar to Table 37, gives for a number of XY3 molecules the 
observed fundamental frequencies Pi, v-t, vs, (in cm""^),'*^ the angle 0 as obtained 
from other evidence [see Howard and Wilson (462)3, the angle 0 as obtained from 
(II, 175), the force constants ai and a2 as obtained from equations (II, 173) and 
(II, 174) (using the observed vz, *'4, and 0 values), and the frequencies I'l and v% as 
calculated from equations (II, 171) and (II, 172) with the ai and a^ values obtained 
from 2*3 and v/^. It is seen that with one exception the angles 0 calculated from the 
observed frequencies according to (II, 175) agree within less than 15° with the ob- 
served 0 values. The agreement of the observed and calculated vx and vz is fair in 
most cases although a few big discrepancies occur. It should be mentioned that if 
«i and az had been calculated from vx and vz complex values would have been obtained 
in most cases. On account of the quadratic nature of the equations (II, 173) and 
(II, 174), two sets of values for ax and az are obtained. Of these, that one has been 
chosen for which az < ax. The fact that in most cases a2 is much smaller than ai 

1 he question which observed fundamentals are degenerate, that is, which are vz and Vi, and 
which not, will be taken up in more detail in Chapter HI. Which non-degenerate vibration is called 
>' 1 , which vz, and which degenerate vibration is called vz, which Vi is of course without influence on 
the results. WithtTi one species we shall in general designate the higher frequency by the lower subscript. 
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is reasonable and corresponds to the fact that Vi is much smaller than vs. On the 
whole, one can say that the assumption of central forces is a better approximation 
for pyramidal XYs molecules than for non-linear XY2 molecules, even though it is 
by no means entirely satisfactory. 

It is interesting to apply the equations for the frequencies of the XY3 molecule to the special 
case in which X = Y, that is, a pyramidal molecule consisting of four equal atorn^s. Let us assume 
that in this case all atoms are in equivalent positions, that is, that they lie at the corners of a regular 
tetrahedron. Such a case seems to be provided by the molecules P4 and As4 [[see Chapter III, 
p. 299]- In this case it is easily seen that sin — 1/ Vs, and also that ai = ag in (II, 168), since 
there is no difference between X and Y. Substituting this and mx = into (II, 171“174), 
we obtain 

Xj^ = ^ X 2 = X 3 == , X 4 = (II, 176) 

mx mx mx 

Two of the frequencies one non-degenerate the other doubly degenerate coincide, thus giving rise to 
a triply degenerate normal vibration. This is in agreement with what one would expect for a mole- 


TaBLE 38. FUNDAMENTAL FREQUENCIES, FORCE CONSTANTS, AND ANGIjES FOR THE 
PYRAMIDAL MOLECULES XY 3 , ASSUMING CENTRAL FORCES.^® 


Molecule 

Observed 
frequencies (cm~"^) 


^calculated 

Foi'ce constants 
from I'a, 3^4, /^observodi 
and equations 
(II, 173) and 
(11, 174) 

Frequencies pi and p^ 
from ai, 

/^obBorved, equa- 

tions (II, 171) and 
(II, 172) 


VI 

V2 

Vji 

P4 


i 

ai 

aa 

Pi (cm'“0 

1 

s 

NHs 

3337 

950<<^ 

3414 

1628 

69° 

73° 

3.89 

2.83 

4473 

859 

NDa 

2419 

74946 

2555 

1191 

69° 

72° 

6.05 

2.29 

3133 

679 

PHa 

2327 

oops 

2421 

1121 

02°‘»o 

63° 

2.57 

1.04 

2991 

784 

PDa 

1694 

730'‘8i 

— 

806 

02040 

— 

— 

— 

— 

_ 

PFs 

890 

531 

840 

486 

62° 

56° 

3.58 

2,93 

1045 

380 

PCI3 

510 

257 ’ 

480 

190 

64° 

51° 

1.94 

0.63 

45<) 

184 

PBrs 

380 

162 

400 

116 

66° 

55° 

1,79 

0.47 

203 

203 

AsFs 

707 

341 

644 

274 

60° 

45° 

3,23 

0.88 

723 

240 

AsOls 

410 

193 

370 

159 

59° 

50° 

1.73 

0.51 

404 

154 

SbCls 

360 

165 

320 

134 

57° 

45° 

1.49 

0.38 

357 

130 

BiCla 

288 

130 

1 

242 

96 

57° 

25° 

0.94 
xio^^ 
dynes /cm 

0,20 

X10''> 

dynes/cm 

270 

90 


The angle <x between any two X^ — X bonds is 60° and therefore according to footnote 44 the 
above result follows. 

For the frequencies of NH3 and ND3 see Table 72, p. 296. The frequoncios of PH3 and 
have been taken from Lee and Wu (572), those of the other molecules from Kohlrausch (14). 

is related to the angle a between each two X — Y bonds by sin (3 — (2/ V^) sin The /3 

values for the halides were obtained from the oc values given by Howard and Wilson (462). Pauling 
in his book (17) gives slightly different values based on more recent electron diffraction work. How- 
ever it did not appear worth while to repeat the calculations embodied in the table with these new 
13 values. 

Average of the doublets due to passage through potential barrier (see p. 221 f.). 

Recently Stevenson (806), assuming a PH distance of 1,415 A (obtained from Pauling’s table 
of covalent radix), has obtained a bond angle of 93° which corresponds to /3 — 57°. 
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cule X4 of symmetry Td (see Table 36), and is independent of the assumption of central forces. 
According to (II, 176), the ratio of the three frequencies, assuming central forces, should be 

viivi-.vt ^ 2 i V 2 : 1. 177) 

For P4 the observed ratio is 2.00 : 1.54 : 1.20. 


AppUcation to tetrahedral XY 4 molecules. For five-atomic XY4 molecules in 
which the X atom occupies the center and the Y atoms the corners of a tetrahedron, 
the considerations are somewhat more complicated because the assumption of central 
forces between each pair of atoms no longer leads to vanishing forces in the equilibrium 
position. Whereas in the case of the molecule XY3 in the equilibrium position the 

angle will adjust itself in such a way that there is no force in the X — Y or Y Y 

direction, in the case of the tetrahedral XY 4 molecule the angle is fixed and the 



Fio. 69. Displacement coordinates in tetrahedral XY,|. — The Qiu and n are not the lengths 
of the lines on which they are written but the changes of these lengths. 


resultant force on a Y atom, for example, may be zero even though the forces between 
the Y atom considered and the other atoms are not individually zero. For example, 
a repulsion between the Y atoms could, in the equilibrium position, be balanced by 
an attraction between X and Y. 

The expression for the potential energy in such a case was first derived by Denni- 
son (276). If we designate the relative displacements of the Y nuclei along the edges 
of the tetrahedron by Qn, Qi^, Qi 4 , Q‘n, Q 24 , Q-m (see Fig. 59) and the displacement 
of the Y atoms relative to X by ri, n, r.-,, r 4 , then we have, in the case of small dis- 
placements, for the magnitude of the forces acting on Yi due to Y2, Y3, and Y4, 

FyiY, = a — kiQi2, 

Fy,y, = a - (II, 178) 

FY1Y4 = a — /ci(3i4, 

FyiX = - 6 — hiTi. (II, 179) 


and for the force due to X, 
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Similar equations hold for the forces on Y 2 , Y 3 , Y 4 . Ihe force on X due to Yi is 
of course equal and opposite to The constants a and h represent the constant 

part of the force that does not vanish in the equilibrium position. We have chosen 
a positive sign for a and a negative sign for h in (II, 178) and (II, 179) in order to 
indicate repulsion and attraction respectively as the normally expected state ol 
affairs. In the equilibrium position {Qik = 0 and n = 0), the three forces a acting- 
on Yi must be in equilibrium with the force h, that is, 

3a cos <p = h, 

where ^ is the angle between Y— Y and Y— X. This angle in a tetrahedron is 
given by __ 

sin (p — 3 - Vs. 180) 

It therefore follows that 

6 = V 6 a. ( 11 , 181) 


From (II, 178), (II, 179), and (II, 181), one obtains for the potential energy of 
the XY 4 molecule, assuming central forces and small displacements, 

y = - a(Qn + + • • • Qzd + V6a(ri + ra + rs + r4) 

4- •+■ Qxz + — QI 4 ) + 2^2(ri^ + + r^^ + r4“), (II, 182) 


In order to find the normal frequencies, one would have to transform to symmetry 
coordinates (in terms of which the potential energy would again be a quadratic form), 
set up the expression for the kinetic energy, and derive the secular equation. How- 
ever, we shall give here only the results as obtained by Dennison (276), Jaumann 
[see Schaefer (763)3, ^^nd Radakovic [see Kohlrausch (13)]. There is one non- 
degenerate vibration vi of species Ai, one doubly degenerate vibration j'a of species 
E, and two triply degenerate vibrations and Vi of species F 2 (see p. 140). One 
obtains 


/C2 ki 

Xi = 4xVi2 = -1-4 — ; 

my niY 


X 2 = = 


h. 

mY 


niY ’ 


2/ci 4mY 4- 3mx . 

Xa + X 4 = + ” 4 ?) = — + Smxmv 


2(3mx 4- lOmy) 

Smxmy 


k'; (II, 183) 


X 3 X 4 == l&TT^Vs^Vi^ 


2(4my 4- nzx) 
3mxmy^ 


(kik2 


- 8kik' - 5hk' - 8k'^). 


Here we have used, as an abbreviation, 


it' = y (II, 184) 

1/ 

where I is the length of the edge of the tetrahedron in the equilibrium position. Thus 
k' is of the dimension of a force constant, whereas a was not.‘‘^ 

While there are four frequencies, there are only three force constants ki, k^, k' 
to determine. Thus again one of the equations may serve as a check on the assump- 

dV „ , 

It is easy to verify this if it is remembered that Fyi Yo X = so on. 

"*** Our A/ is J of Dennison’s and Jaumann’s isT'. 
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tion of central forces. The force constant ki is most easily determined by the 
following combination of the equations (II, 183) : 


Xs 4-X4 


47«y 4“ 3mx ^ 2(3mx + 16mY) ^ 

Xi — X2 


4(mx + 4mY) 


3mx 


3mx 


TOx^Y 


ki. (II, 185) 


fca and k' then follow immediately from the first two equations (II, 183) and the 
fourth may serve as a cj^eck. 

Table 39 gives the observed fundamental frequencies and the force constants 
determined in the above described way for a number of tetrahedral five-atomic 

Table 39. fundamental pkequencibs and force constants op tetrahedral 
XY4 molecules assuming central porces. 


Molecule 

Observed frequencies 

Force constants 

Fourth equation 
(11, 183) 





Vi 

ki 

ki 

k' 


R.H.S."“ 

CH4 

2914 

1526 

3020 

1306 

0.60 

2.66 

-0.788 

5.42 

14.27 

CD4 

2086 

1054 

2268 

996 

0.61 

2.72 

-0.708 

1.75 

2.94 

SiH4 

2187 

978 

2183 

910 

0.22 

1.96 

-0.348 

1.37 

2.61 

NH4+®'’ 

3033 

1685 

3134 

1397 

0.71 

2.62 

-0.975 

6.65 

10.62 

CF4 

904 

437 

1265 

630 

1.68 

2.81 

-0.553 

0.220 

0.227 

SiF4 

800 

260 

1022 

420 

0.47 

5.29 

-0.288 

0.064 

0.072 

CCI4 

458 

218 

77651 

314 

0.79 

1.24 

-0.207 

0.021 

0.022 

SiCh 

424 

150 

608 

221 

0.36 

2.33 

-0.115 

0.0063 

0.0077 

TiCU 

386 

120 

495 

141 

0.23 

2.19 

-0.072 

0.0017 

0.0029 

GeCli 

.396 

134 

453 

172 

0.27 

2.19 

-0.104 

0.0021 

0.0029 

SnCU 

366 

104 

403 

134 

0.15 

2.20 

-0.076 

0.0010 

0.0024 

CBr4 

267 

123 

072 

183 

0.56 

1.11 

-0.148 

0.0052 

0.0056 

SiBi’i 

249 i 

90 

487 

137 

0.29 

1.76 

-0.093 

0.0016 

0.0019 

GeBr4 

234 

78 

328 

111 

0.22 

1.72 

-0.070 

0.00046 

0.00060 

SnBri 

220 

64 

279 

88 

0.14 

1.72 

-0.053 

0.00021 

0.00028 

804-“ 

981 

451 

1104 

613 

1.18. 

4.36 

-0.739 

0.159 

0.093 

0104“ 

936 

462 

1102 

628 

1.05 

4.05 

-0.965 

0.166 

0.089 

PO 4 

980 

363 

1082 

515 

0.90 

5.44 

-0.339 

0.108 

0.125 






XI O'* dynos/cm 

XIO^ dynos/cm 


molecules. As was to be expected, ki is mucli smaller than kz in all cases, correspond- 
ing to a much smaller resistance to deformation without change of the X Y distance 
than to stretching of the X— Y bond. In most cases k' comes out negative, which 
means that, contrary to our expectation, in the equilibrixim position there are (weak) 
attractive forces between each iiair of Y atoms balanced by repulsive forces between 
X and Y. The last two columns of Table 39 give the left- and right-hand sides of 
the fourth equation (II, 183). It is seen that the agreement is fairly good for the 

With M few exceptions the obseiwod frequencies arc taken from Kohlrausoh (14). 

Using atomic weights for the masses and — 5.8894 X for Xi (see p. 160). 

The evidence that NH4+ is tetrahedi*al is inconclusive [sec Ananthakrishnan (47) ]. 

This is the average of the two observed frequencies which correspond to a Fermi resonance 
(see section 5). 
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halides of C and Si but poor for the other molecules. Trumpy (873) has given a 
method of obtaining a set of force constants k%, k' which gives the best possible 
representation of the observed four frequencies [see also Kohlrausch (13)3. The 
force constants in Table 39 are not this best set. Rather they are evaluated in such 
a way as to give a perfect representation of vx, V 2 , and vs^ -f- but a poorer repre- 
sentation of the individual vs and v^. 

We refrain from giving any further examples for the application of the assumption 
of central forces since in general the assumption of valence forces (see the following 
subsection) has proved to be somewhat more satisfactory in representing the ob- 
served fundamental frequencies. It has the added advantage of being applicable 
also to linear and plane molecules. 

(d) Assumption of valence forces 

The assumption of valence forces was first made by Bjerrum (155) in 1914. He 
assumed that there is a strong restoring force in the line of every valence bond if the 
distance of the two atoms bound by this bond is changed. In addition he assumed 
that there is a restoring force opposing a change of the angle between two valence bonds 
connecting one atom with two others. As for the central force system, here likewise 
often not all normal frequencies are necessary for a calculation of the force constants 
and therefore a valuable check on the assignment of the frequencies is possible. 


Application to non-linear ssminetric XY 2 . In the case of the non-linear sym- 
metric molecule XY 2 there is, according to the assumption of valence forces, a restor- 
ing force between X and each Y as well as a force stabilizing the Y — X — Y angle. 
The latter replaces the central force between the two Y atoms in the central force 
system. Thus we have for the potential energy (neglecting higher powers), 

2V = kx(Qx^ -f- + kB5\ (II, 186) 

where Qi and Q 2 as previously are the changes of the X — Y distances and where 5 
is the change of the angle 2oi (Fig. 56a)". It is assumed in the valence force field 
that there are no cross terms in the potential energy if it is expressed in terms of the Qi 
and S. Qi, Q 2 , and 5 are also called valence force coordinates as contrasted to the cen- 
tral force coordinates Qi, Q 2 , and Qz used previously. 

We have now to express 5 in terms of the symmetry coordinates (Fig. 55a) just 
as previously we expressed Qi, Q 2 , Qs in terms of these coordinates. In the equilibrium 
position we have 

h 

cot o: = — , 
a 


where 2a and h are the base and the height of the triangle formed by the nuclei. In 
the displaced position of the symmetry coordinate Sz the angle ot has changed to 
O' 52/2 and we have, with (II, 121), 
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and therefore, for small displacements and with a == Z sin at. 


“‘(“ + 1 ) 


cot Oi 


52/2 
sin^ a 


PS 2 
I sin a 


or 
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2p 

02 = "y ^2 sin a, 

where Z is the ecjuilibrium X Y distance. Similarly 5i, the change of 2o: during the 
displacement Si, comes out to be 


Si — ~ j Si cos a, 


and therefore, since S 3 does not produce any change of 2 q: (see Fig. 55a), the total 
change 8 of 2 a when all oscillations are excited is 


8 


Si -f- 82 


2 p 


S 2 sin a 


I 


Si cos a. 


(II, 187) 


Substituting (II, 187) and Qi and Q 2 from (II, 122) into the expression (II, 186) 
for the potential energy and comparing with (II, 109), one obtains for the potential 
constants dk, 

4 

Cii — 2ki sin^a + -^ks cos^a; 

4 

Ci2 == 2pki sin a cos a — — pks sin a cos a; (II, 188) 

4p2 

C22 = 2 p^ki cos^a + -zr ks sin^a: 

r 

C33 — 2r^ki. 


The constants df* of the kinetic energy are, as before, given by (II, 120). If these 
dik as well as the new dk are substituted in (II, 115), (II, 117), and (II, 118), one 
obtains for the normal frequencies : 


X3 

Xi -1- X2 


47r^^'3^ 


( 


1 + 


2mY 


mx 


sin^ a 


J mY ’ 


(II, 189) 


47r2(j;j2 _[_ 


-( 


- , 2mY 

1 + cos" 

mx 


/ mY mY \ 


1 -f” 


2mY 

mx 


X1X2 = 


( 


1 1 \ ^1 

mx / myf' F 


) ks 

, (II, 190) 
(II, 191) 


It should be noted that ks/P has the dimension of a force constant, dynes per centi- 
meter, as has ki. Again, as in the case of the central force field, if vi, V 2 , vs and the 
angle o: are known, the force constants ki and ks/l^ may be obtained from the equa- 
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tions (II, 189) and (II, 191),“ and (II, 190) may then serve as a check on the con- 
sistency of the assumption of valence forces. 

Table 40 gives, for the same molecules as Table 37, the force constants ki and 
ks/P obtained in this way and the left- and right-hand sides of equation (II, 190) 
multiplied by mx- It is seen that the agreement between these two columns is 


Table 40. force constants and valence angles of non-linear xy2 molecules 

OBTAINED UNDER THE ASSUMPTION OF VALENCE FORCES.*® [^REVISION AND 
, EXTENSION OF A SIMILAR T-A.BLB BY PeNNEY AND SUTHERLAND (692) 3.®*“ 


Molecule 

ki 

ksIP 

4:7rhnY(yi^ +1^2^) 

wiyXCR.H.S. of 
(11,190)] 

2ol 

Observed 

1 

2<x 

Calculated 

H20 

7.76 

0.69 

9.44 

9.60 

105® 

120° 

D20 

7.94 

0.70 

10.08 

10.30 

105® 

113“ 

H2S 

4.14 

0.45 

5.04 

5.21 

92® 

156® 

D2S 

4.46 

0.44 

5.28 

5.66 

92® 

159® 

H2Se 

3.24 

0.31 

3.72 

3.91 

90® 

imaginary 

D2Se 

3.33 

0.30 

3.81 

4,02 

90° 

imaginary 

CII2 

4.77 

0.58 

6.48 

6.31 

115® 

98® 

SO2 

9.97 

0,81 

15.33 

15.30 

120® 

120® 

NO2 

9.13 

1.52 

20.40 

22.58 

120®®“ 

119® 

P2O 

5.57 

0.55 

10.40 

13.32 

104® 

87® 

CI2O 

4.93 

0.41 

11,94 

15.25 

111® 

81® 


XIO® dynes/cm 

XlO^ dynes/cm 




decidedly better than the agreement between the corresponding two columns of 
Table 37. It is noteworthy that in all cases ks/P is much smaller than ki, indicating 
a much smaller resistance to the bending than to the stretching of the particular bond. 

Instead of using equation (II, 190) as a check one may use it together with the 
others in order to determine the angle 2a:. By successive eliminations the following 
equation for w = 1 {2mY/'>nx) sin^ a is obtained: 

^ _ 2mY \ (Vl^ + 

1 + I Z Z 

mx J Pi Pa” 



+ 2 


(>* 2 )( 


1 + 


2mY \ 




/ «> o 

V-CV<£- 


0. (11, 192) 


The values of 2a: calculated from this equation are given in the last column of Table 
40 and compared to the observed angles given in the preceding column. While from 
the central force system in almost all cases imaginary values for the angles result, 
here with two exceptions (B[ 2 Se, D 2 Se) real values are obtained which except for 
H 2 S and D 2 S' are fairly close to the observed angles. One may therefore, with some 
reservation, even attempt to obtain this angle from the observed frequencies in 
cases where it is not known from other data. 


fci itself can only be obtained when in addition the internuclear distance I is known, but usually 
one is satisfied to determine 

The frequencies used are those given in Table 37. About the units see equation (II, 167) and 
the accompanying discussion. . 

Our hs is one half of Penney and Sutherland’s 
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From the above it appears that the valence force field is much superior to the central 
force field in the case of XY 2 molecules. Conversely the former may be used with 
greater confidence for the correlation of the observed frequencies to the three normal 
vibrations of XYa molecules. 



Fig. go. Actual form of the normal vibrations of H2O, SO2 and Cl.O.—Tlie diagrams give the 
correct relative amphtiides of the nuclei. The scale of amplitudes is much larger than the scale of 
mtcrnucloar distainies if the state n — 1 is considered. No attempt is made to have the same 
scale m diiTeront diagrams, that is, the vibrations are not normalized. 


In order to obtain the actual form of the normal vibrations Pi and which arc 
not uniquely determined by symmetry, we have to superimpose the symmetry 
coordinates Si and Si of Fig. 55a in the ratio (C 22 — X/do^) : — (C 21 — Xfdoi) (nee 
p. 150), where X.,- = Xi or X 2 . Substituting the ca- and dih from (II, 188) and (11, 120) 
respectively, we obtain the ratio 

/ ks 

Si : Si = ( 2pki cos-a + " siri-a — 2Ximy 


where p = 1 + (2mY/mx). The following numerical values result from this formula 
and the data of Table 40. 




2 «iii a cos (X 


^ F )- 


(II, 193) 


For HoO: 
For SO2: 
For ClaO: 


In £ig. 60 the superposition is shown ior these three eases. The vibrations vg are 
also given to scale. Essentially the same form for pi and Pi would have been obtained 



Si : Si = 1.20 : 1; 

" 2 , 

Si : Si = 

- 0.875 : 1. 


‘S’l : Si = 1.40 : 1; 


II 

- 1.34 : 1. 


N, : Si - 1.025 ; 1; 

'' 2 , 

Si : Si - 

1 

bo 

00 

t 
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on tlie basis of the central force system, as can be seen from equation (II, 129) in 
which ai 2 = au — 0. 

Fig. 60 gives only the correct relative amplitudes of the nuclei. Their absolute 
values depend on the magnitude of the vibrational energy. Classically this vibra- 
tional energy can assume any value, but it must be recalled that the whole theory 
of normal vibrations holds only for displacements that are small compared to the 
internuclear distances. In order to obtain the absolute values of the classical ampli- 
tudes that would correspond to say the vibrational state with Vi = 1 one would have 
to equate the vibrational energy to the potential energy (II, 109) in which the 
Cih from (II, 188), Si : St from (II, 193) and Ss — 0 are substituted. In the three 
examples of Fig. 60 only the H atoms of H 2 O would give amplitudes that could be 
drawn on the same scale as the internuclear distances, for all other atoms they would 
be too small. 


Kohlrausch (14) has also given formulae corresponding to (II, 189-191) for the case in which 
there is a valence bond between the two Y atoms in addition to those between X and Y, and conse- 
quently another stretching and another bending constant; that is, when a term /C 2 Q 3 * + fcs'(5' + 5" ) 
is added to the potential energy (II, 186.) ; b' and 5" are the changes of the two X — Y — Y angles. 
An example would be the ethylene oxide molecule (C 2 H 4 O) if the CH 2 groups are considered as one 
particle each. A limiting case (X = Y) would be a molecule consisting of three equal atoms (or 
groups) forming an equilateral triangle. A probable example is cyclopropane, (CH 2 ) 3 - In this case 
the formulae for the frequencies assume the simple form: 


Xi = 4ir*j'i® = 


m ’ 



X 2 = X 3 = = 47r^j»3^ = ^ ^ ^ ^ 

Two of the frequencies coincide (see p. 85). These formulae could, of course, easily be obtained 
directly by using the symmetry coordinates (normal coordinates) given in Fig. 32a. 

Application to linear XY 2 molecules. A great advantage of the valence force field 
is that it leads to reasonable results even for linear molecules. Unlike (II, 166), 
equation (II, 191) does not contain the factor cos^a and therefore does not require 
one of the two frequencies vi or vz to be equal to zero for a = 90°. One obtains in 
this case for the frequencies of the three normal vibrations (see Fig. 25b) from 
(II, 189-191) 

Xi == = 

X 2 == 47r^V2^ = 

X 3 = 4.TrW = 

These formulae are, of course, identical with those obtained from the previous 
general formulae (II, 152) if one puts 

an — ki, a ]2 = 0, 033 = fcj. 

In Table 41 are given the observed frequencies for the linear molecules CO 2 and 
CS 2 and the values for ki and k$/P derived from (II, 195-197). ki may be obtained 


A 

m-Y 

2_ 

my 


( 


1 + 


2wy "X ki 

/F’ 


mx 


( 


2mY \ 

1 + — )--■ 
mx / w^Y 


(II, 195) 
(II, 196) 
(II, 197) 
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from vi as well as from The quality of the agreement between the two gives an 
indication of the quality of the approximation supplied by the valence force field for 
these molecules- 

If it were not known that CO 2 and CS 2 are linear, one would obtain from (II, 192) 
the angles 156® and 164® respectively. 


Table 41. obsbkved fundamental frequencies and force constants 

OF LINEAR SYMMETRIC MOLECULES XYa. 


Molecule 

vi (cm 

(cm 

vz (cm b 

fci from VI 

ki from vz 

ksIP 

CO2 

ISST®-* 

667 

2349 

16.8 

14.2 

0.67 

CS2 

657 

397 

1523 

8.1 

6.9 

0.234 






XIO® dynes/cm 


Application to linear XYZ molecules. In the case of an unsymmetric linear 
triatomic molecule (XYZ) such as HCN, CICN, N 2 O, there are two different force 
constants and ^2 corresponding to the stretching of the two different bonds (H — C 
and C^N for HCN) as well as one constant ks corresponding to the bending of the 
molecule. A calculation similar to the one described above for non-linear symmetric 
molecules leads to the following formulae for the frequencies [^see Lechner (562), 
Bauermeister and Weizel (129), and Rosenthal (749)1): 

Xi + X 3 = 4:Tr^{v^ H- vi) = ( + ) + A:2 ( — — 4- ” ) , (II, 198) 

\ mx. niY / \ niY mz / 


X 1 X 3 = 


IQirWvz^ = 


mx + W2Y + niz 
mx'mYmz 


/Cl/C2, 


4x^F2^ 


. i?l _L. L 
lil'i \ niz mx wiY / 


(II, 199) 
(II, 200) 


Here l\ and h are the distances of X and Z respectively from Y. In order to evaluate 
the three force constants all three frequencies are necessary and no check is possible. 
The bending constant ks can be evaluated only when the internuclear distances 
are known. 

Table 42 gives for a number of such linear unsymmetrical molecules the observed 
frequencies and the force constants calculated from them according to (II, 198-200), 
assuming the internuclear distances given in the columns headed li and Iz, which are 
obtained from other data. In agreement with expectation, ksKhh) is always much 
smaller than either ki or ^ 2 , indicating a much smaller resistance to bending than 
to stretching. 

Fig. 61 gives as an example the form of the normal vibrations for HCN and CICN. 
It should be noted that the two outer atoms oscillate in opposite directions for the 


This is the average of the two observed frequencies which are due to Fermi resonance 
(see p. 217). 
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lower frequency vt and in the same direction for, the higher frequency v?.. The direc- 
tion of motion of the central atom in vx is opposite in the two cases because of the 
difference in the ratio of the masses. Correspondingly in HCN it is vi in which 
mainly the C — N bond is stretched, in CICN it is vz. 


Table 42. fundamental fbequbncies and force constants op linear unsymmktuk; 
MOLECULES, AFTER PeNNEY AND SuTHBBIiAND (692).®®** 


Molecule 

Vi 

VI 

vz 

h ■ 

h 

i ^^1 

/C2 

hthh 


HCN 

2089 

712 

3312 

1.06 

1.15 

5.8 

17.9 

0.20 

0.25 

CICN 

729 

397 

2201 

1.76 

1.1& 

6.2 

16.7 

0.20 

0.40 

BrCN 

580 

368 

2187 

1.93 

1.15 

4.2 

16.9 

0.17 

0.37 

ION 

470 

321 

2158 

2,12 

1.15 

3.0 

16.7 

0.12 

0.30 

SCN- 

750 

398 

2066 

1.54 

1.15 

5.4 

14.4 

0.20 

0.36 

sco 

859 

527 

2079 

1.54 

1.16 

8.0 

14.2 

0.37 

0.66 

NNO®® 

1285 

589 

2224 

1.15 

1.23 

14.6 

13.7 

0.49 

0.69 
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Fig. 61. Actual form of the normal vibrations of (a) HCN and (b) CICN. — See caption of 
Fig. 60. Some displacements are so small compared to the others that the corresponding arrows 
fall within the circle representing the particular nucleus. 

The numbering of the vibrations used in Table 42 and Fig. 61 is the one used by 
most authors. For various reasons it was not changed to a numbering consistent 
with our usual scheme (see p. 271). 

Application to non-linear XYZ molecules. Lechner (562) and Cross and Van Vleck (250) have 
also calculated the frequencies for an unsymmetrical non-linear triatomic molecule under the as- 
sumption. of valence forces [see also Wilson (940)]. We refrain from giving their formulae [cse 


The equations (II, 198—199) lead to complex values for ki and k% in this case. The values 
given have been obtained by a slight adjustment of the observed frequencies. 

56a *5 ie one fourth of Penney and Sutherland's ha even though their is defined in the same 

way as our This appears to be due to an error in their paper. 
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Kohlrausch (14) ] but give in Fig. 62 the normal modes of ethyl chloride (C 2 H 6 CI) as calculated by 
Cross and Van Vleck considering the CH 3 and CH 2 groups as mass points, that is, the CaHsCl as 
a three-particle system. 



Fig. 62. Actual form of normal vibrations of CsHbCI considered as a three-particle system 

Rafter Cross and Van Vleck (250)3. 


Application to pyramidal XYg molecules. In the valence force treatment of 
pyramidal XY3 molecules, instead of assuming a central force between each pair of 
y atoms we now assume a force that tends to restore the angle a between each pair 
of XY bonds. Thus the potential energy is 

2 V — /ci(Qi 2 + Qh + (?i 4 ) + + ^24 + ^ 34)5 (11, 201 ) 

■ -if . 

where, as in the central-force treatment, Q 12 , Qis, and Q 14 are the changes of the XY 
distances and where the S^k are the changes of the angles between the lines XYi 
and XY*. /ci and ks are the force constants. 

We have now to e.xpress the Qik and in terms of the symmetry coordinates 
introduced previously. For the Qik the previous formulae (II, 169) hold. A calcula- 
tion similar to the one given above for the XY 2 molecule leads to the following 
expressions for the da: 


S23 = dzi — 


V 3 COS /3 s V3(2r - 1) COB /3 

cos a /2 Z ^ 




I cos a/2 

3 Vs Toy sin^/S 


S 2 


4 I rnx cos a/ 2 


'Z S3a + 


V3(l + cos^jg) 
41 cos ci/2 


S 4 ii , 


V 3 COS s •\/3(2r - 1 )_ COS ^ 

1^34 *™" ' ' /rt I 1 *~f” j fCk O2 

COS a/2 I I cos a/2 

3 ^3 my sin^jd 


2 I mx cos a/ 




■>/3(l + cos“/0) 
21 cos a 12 


0 . 10 . 


(H, 202) 


Here r and s are given by (II, 158), I is the equilibrium distance between X and Y, 
o: is the equilibrium angle between two XY bonds, and ^ is the equilibrium angle 
between an X — Y bond and the axis of symmetry of the molecule [[sin /3 = 

(2/^3) sin 0 -/ 2 ]. 

Substituting the Qa from (II, 169) and the da from (II, 202 ) into the expression 
(II, 201) for the potential energy, and comparing with (II, 153), the following 
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'XX) ^ 


foriimlsB for th.6 potential constants cuo arc obtained. 

9 cos^/S s® ^ 

9 cos^jS (2r — l)s 
Ci2 = - dpski - .g^g2„/2 P 

9 cos2|S (2r - ly , 

+ cosW2 Z2 
81 sin®)8 ifes 

C33 = 6r^h + g ^^2 cos2o:/2 P ’ 

27 my (1 + cos^jS) sin^ 13 h 
Cu = - 3rifci sin /3 + j— F ’ 

9 (1 4- cos2j8)^^:j 

c„ =piSin»0 + - - p- 


(II, 203) 


The terms depending -on ki in these equations are, of course, the same as those with 
ai in the previous equations (II, 170) based on the central force field. 

If now the dk of (II, 203) and the of (II, 157) are substituted into the factored 
secular equation (II, 155), the following equations for the normal frequencies are 
obtained [noting that cos^ o:/2 = |(1 + 3 cos^ /?)]: 


Xi -f- X2 


( 


14-3 — cos2 /? 

Wx J ^Y 


) 


( WlY . ^ \ 

14-3 — sin^ jS ) 

mx / 


12 cos2 S ks 


(14-3 cos2 /3) myf- 


X1X2 


12 cos2 jS / ^ _l_ 1 

\ mx / 


^ 14-3 cos2 id V mx 

X3 -1- X4 = ^ 


my" 




1 I ^ • 2 /5 ^ 

1 4- - — sim 1 — 

J m-si 


2 mx 


4- 


( 


3l l + rf^ + |^sin<^(^ fc, 


) 


X3X4 = 


*( 


my 


1 4- cos* /3 4- 3 — sin2 /3 
mx 


) fci 


1 4- 3 cos* id 
ks 


my/* 


1-1-3 cos* jd 


my* /* 


(II, 204) 
(II, 205) 


(II, 20()) 


(II, 207) 


These equations were first derived by Lechner (563). If all four frequencies are 
observed we have thus four equations for the two unknown force constants ki and 
ks/P, just as in the case of the assumption of central forces 

In Table 43 are given for the same molecules as in Table 38 the force constants 
ki and ksfP, first as evaluated from vi and [equations (II, 204 and 205)] and then 
as evaluated from vz and [equations (II, 206 and 207)]. It is seen that the 
agreement between the two sets of values is quite satisfactory, showing that the 
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assumption of valence forces is a fairly good approximation for the pyramidal XY3 
molecules. As in previous cases kslF is small compared to ki in all cases, in agree- 
ment with expectation. 

If the angle 13 is not known, instead of using the equations (II, 206) and (II, 207) 
as a check on (II, 204) and (II, 205) one may use (II, 204) and (II, 206) to determine 


Table 43. eobcb constants (in 10® dynes/cm) for the pyramidal xyj 

MOLECULES ASSUMING VALENCE FORCES.®® 


Molecule 

From ^1 and 

From j /3 and V 4 

ki 

ksIP 

ki 

ks/P 

NHa 

6.42 

0.41 

6.32 

0.61 

NDj 

6.58 

0.44 

6.48 

0.62 

PHj 

3.09 

0.33 

3.32 

0.33 

PDs 

3.16 

0.36 

— 

— 

PFs 

6.38 

1.15 

4.20 

1.04 

pels 

2.66 

0.43 

1.85 

0.26 

PBrs 

1.69 

0.41 

1.60 

0.20 

AsFs 

4.61 

0.52 

3.58 

0.35 

AsCls 

•2.42 

0.26 

1.84 

0.21 

SbCls 

2.10 

0.21 

1.62 

0.16 

BiCb 

1.49 

0.14 

1.03 

0.09 


From vi, V 2 , vs, Vi according to (II, 248) 


ki 


ksIP 


ki' 


ks'/P 


6.35 

6.61 

3.24 


0.54 

0.56 

0.33 


4-0.03 

4-0.03 

-0.07 


-0.07 

-0.06 

0 


4.69 

2.12 

1.63 

3.92 

2.03 

1.78 

1.19 


1.07 

0.32 

0.27 

0.41 

0.23 

0.18 

0.10 


4-0.39 

4-0.04 

4-0.27 

4-0.06 

4-0.03 

4-0.07 

4-0.34 

4-0.06 

4-0.19 

4 - 0.02 

4-0.16 

4 - 0.02 

4-0.16 

4 - 0.02 


/3. It is easily seen that the formula for (3 thus obtained is identical with (II, 175) 
which was derived on the basis of the assumption of central forces. 

If the actual form of the normal vibrations is calculated according to the previous 
general equations (II, 159) one obtains for example for NHg and ND3 the result that 
the symmetry coordinates of Fig. 58 have to be superimposed in the following ratios 
in order to obtain the normal coordinates: 



Si : ,82 = 1 

NH3 

-0.0066 

1 

ND3 

-0.0135 

*'2, 

Si 1 S 2 = 1 

1.98 

1 

2.54 

*' 3 , 

= 1 

0.027 

1 

0.061 


Sz : Si == 1 

2.54 

1 

2.81. 


For ND3 these normal vibrations are the ones represented in the previous Fig. 45. 
It is seen from the above ratios, as well as by comparing Fig. 58 with Fig. 45, that 
the symmetry coordinates introduced above are fairly close to the normal coordinates. 
This is also the reason why these symmetry coordinates were chosen in preference 
to simpler ones (see p. 155). 

Application to plane XY3 molecules. If we were to apply the equations (II, 204- 
207) to a plane symmetrical molecule XY3 (point group D^n), we would obtain 
X1X2 = 0 since cos /? = 0; that is, one of the normal frequencies would be zero. This 
is obviously the vibration perpendicular to the plane of the molecule (see Fig. 63), 
since for such a vibration the XY distance and the YXY angles change only in higher 
order, so that in the present approximation the potential energy (II, 201) would not 

®® For the fundamental frequencies and the values of the angles assumed, see Table 38, p. 164. 
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change. In order to obtain a non-zero frequency for this vibration one has to intro- 
duce an additional restoring force that tends to bring the angle between X— Y and 
the plane back to zero. The addition of such a force is in conformity with the general 
assumption of valence forces. The potential energy then is 

2F = + Q\z + Qi4:) 4- + 524 + 534 ) 4- 4“ Ai3 4* A 14 ), (II, 208) 

where A12, A13, Au are the deviations of the lines XY from the Y3 plane. 

We can choose the same symmetry coordinates as for the pyramidal molecules 
(Fig. 58) except that now = 90° and consequently aSi and >82 are of different species 
(Ai^ and A 2 '~ respectively; see Table 22). While the relations for the Qik and San 
remain the same as before, we have for the Aik 

Ai2 = Ai3 = Ai 4 = (— + 1 ) T’ (n, 209) 

Substituting this and the previous relations (II, 169) and (II, 202) for the Qi* and 
Sik into (11,208), we obtain the same potential constants Ci/c as before [[equations 
(11, 203)3, except that for C22 the expression 3[[(3mY/wx) 4- 13^ has to be added 
and, of course, everywhere ^ = 90° has to be substituted. It should be noted that 
in consequence of the latter substitution we have C12 = 0, as it should be since Sx 


Table 44. fundamental frequencies and force constants op plane 

SYMMETRICAL XY3 MOLECULES'*^ ASSUMING VALENCE FORCES. 


Molecule 

Pi 

PH 

Pli 

P^ 

ki 

ks/P 

Jca/P 

Xs+Xd®® 

R,.H.S. of (II, 211)68 

B 11 F 3 

888 

691 

1446 

480 

8.83 

0.37 

, 0.87 

1.37 

1.88 

B 11 CI 3 

471 

462 

958 

243 

4.63 

0.16 

0.42 

0.58 

0.84 

B^Brs 

279 

372 

806 

151 

3.66 

0.13 

0.29 

0.40 

0.55 

CO3— 

1063 

879 

1415 

680 

10.65 

0.51 

1.46 

1.45 

2.29 

NO3- 

1050 

831 

1390 

720 

10.39 

0.64 

1.47 

1.44 

2.09 

SO3 

1069 

652 

1330 

532 

10.77 

0.46 

1.60 

1.21 

1.33 


cm ^ 

XlO® dynes /cm 

XIO® dynes/cm 


and 82 now belong to a different symmetry type (see p. 147). Because of this we 
have simply Xi = cn/dn and X2 = 022/^22, nnd thus, using the dik of (II, 157) with 
^ == 90°, we obtain for the frequencies the simple formulae 



(II, 210) 
(II, 211) 
(II, 212) 


^ For the sources of the BF 3 frequencies see Chapter III. The frequencies of BCls and BBrs 
were taken from Anderson, Lasettre, and Yost (52) and those of COs and NOa“ from Kujumzelis 
(545), Schaefer, Bormuth, and Matossi (766), and Schaefer and Bormuth (764), those of SO 3 from 
Gerding and Lecomte (348). 

Here Xf is taken as An^c^MiVi^ = 5.8894 X (see p. 160) and correspondingly the masses 

at the right of equation (II, 211) are taken in atomic weight units. 
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where the last two equations are obtained from (II, 206) and (II, 207) by substituting 
/? = 0 since (II, 209) does not contain S 3 and S 4 . As would be expected, according 
to (II, 210), vi depends on h only, vz on only. 

In Table 44 are given the frequencies of a nuntiber of plane symmetrical XY3 molecules and the 
force constants determined from (II, 210) and (II, 212). The last two columns give the left and 
light hand side of equation (II, 211) as evaluated with the ki and kg/P values given. The agreement 
is fair, but there is a systematic difference. In Fig. 63 as an example the actual form of the normal 
vibrations of BF:t is represented. 





Fio. 6;). Actual form of the normal vibrations of the BFn molecule. — See caption of Fig. 60. 
rhe forms for and have boon calculated from force constants 7ci = 5.45 and hi = 0.00 X 10'^ 
dynes/cm. obtained from the observed frequencicss vz and va according to (II, 211) and (11, 212) and 
not the ki and hi values in Table 44 which are obtained from (II, 210) and (II, 212). 

Application to plane XYZ2 molecules. For the plane XYZa molecules, of which formaldehyde 
(HjOO) and phosgene (CqaCO) are well-known examples, there are six non-<Iegonerate vibrations, 
five of which are in the plane of the molecule (see Fig. 24a-f). The potential energy, under the 
assumption of valence forcics, is 

2y = kiQl^ + k.i(Qi2 + Qis) + + 534) -b AaA^, (II, 213) 

where the nuclei are numbered as indicated in Fig. 24a. The force constants ki and kz represent 
the resistance to stretching of the X — Y and Y — Z lionds respectively, kg refers to the change of the 
angle Szz between the two Y Z bonds, kg' to the change (524 or 534) of the angle between the Y — X 
and a Y Z bond and /ca to the change A of the angl<^ between X — Y and the plane of YZ2. The 
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Qi, have the same meaning as for pyramidal XY3 above. A calculation very similar to those ^ 

out above leads to the following results [see Lechner (563), Kohlrausch (14), and Burkard C 1 ' ^ 
for the oscillations in the plane of the molecule and Fig. 24a^f for the numbering of the oscillate 


Xi -f" X2 “h X3 — Jci 


(-+-) 

\ mx / 


*4" /C2 


/ 1 eos 

\mz ‘my 


+ 


X 1 X 2 “I" X 2 X 3 -f” X 1 X 3 = 

+ ki 
+ hi 

X 1 X 2 X 3 = fcifcj 


\ WIXI 


+ 


mxwz mymz 

2 A:j + 


+ 


2 ks + ks' 
2A;j -i" 


li 


\ mx^Z 

(-i-. 

\ mx'^ 


mx^Y 
1 


a ^ 
2fcs + h ' 

s^ a ^ 




+ 


7nY 


sin^ a 


(II, ' 


2 


+ 


WX^'Y 


- sin^ ^ 


myrn^i 

1 


)■ 




+ 


mx'mz^ OTYWiZ^ 


nz ) 


fcg' / 2h^ 2(^2 + i^i ws oi )^ 


X4 + X5 = fc2 I h — sm^ a: ) + ( 1 h 

\ mz my / \ 

^ ^ ^ ks' ( 2Z2^ . . 2 (Zi^ + Z2^) , 4Z1Z2 cos a 

A4X5 == fc2 H r T "V ^ 

Zi^Z2^ \ mx^z ??iYmz rrvY^nz 

)■ 


TOY 

4/./ 

TOx’“ 


)■ 


Xe = 


fcA 


f cos® a ((1 + h cos a)® 

I - — • i r 


hHz^ cos® a \ 2?nz mx 


my 


ad 4) 


(IT. 


■ 1 &) 


(II, 

(ir, 

(II, 

(II, iaii» 


* 1 ti) 

a .17) 
£ IS) 


Application to linear symmetric X2Y2 molecules. The potential energy of a linear symiiK 't *'i <’ 
X2Y2 molecule on the assumption of valence forces is given by 

2V = fciQla + koAQli + Qld + Wn + SL). (II, 

Here ki is the force constant of the X — X bond, kz that of the X — Y bond, and /cj that correspoi »« linjB 
to the change of angle between X — X and X — ^Y. The numbering of the nuclei is as indicated in I-'ik. 


Table 45. fundamental frequencies®® and force constants of linear 

SYMMETRIC X2Y2 MOLECULES ASSUMING VALENCE FORCES. 


Molecule 

Vi 


^3 


Vh 

h 

h 

ki 

^2 

ks 

lih 

XiXa®® 

„ kikz 


mx'mY 

C2H2 

3374 

1974 

3287 

612 

729 

1.20 

1.06 

15.80 

5.92 

0.120 

15.39 

15.4() 

5(>(> 

C2D2 

2700 

1762 

2427 

505 

539 

1.20 

1.06 

15.90 

5.99 

0.116 

7.85 

7.87 

3<;(> 

C2N2 

2322 

842 

2149 

506 

226 

1.46 

1.15 

5.22 

17.60 

0.195 

1.32 

1.09 

25«4 


cm ^ 

XIO 

cm 

X 10^ dyn(3s/cm 

X (dynefej/cm)'-* 

cm“ ® 


64b. The Qik are defined as before; 5i3 is the deviation of the angle between 1-2 and 2-3 from 1 Kll * 
and 524 the corresponding deviation for 2-3-4. Since there is only one each of the vibrations i,f 
species S*"^, Ilfl,, and II« (see Table 36), there is for them only one possible choice of symmetry (;< »< »* tli.. 
nates which are identical with the normal coordinates in Fig. 64a (see p. 150). Possible symirnt^try 
coordinates ,Si and Sz for the two totally symmetric vibrations are given in I^ig. 64b. 

58 On p. 178. 

5® For a more detailed discussion of the observations see Chapter III. 

5® m in atomic-weight units. 



11, 4 


DETERMINATION OF NORMAL VIBRATIONS 


181 


''' relation between the coordinates and and the sym- 

frequendSf equation. We give only the results for the normal 


Xi + X 2 = 2 — — + 
wix 


( TOY \ /C2 

‘ j — • 01 .221) 


Toy 


^1^2 = 2 
X3 = ( 1 + 


ibl /C2 

mx. “niY ’ 

toy \ 7C2 
TO.X / toy 


= (1 +^') 
V TO.X ) 


(II, 222) 
(11, 223) 


N 


•'1 «♦<)- 


C ^ 


^ c 


- 0^25 


Vo -^mO- 




-09^ 


■ 0 ^ 2 ; 


X _ r , (^ 1 + 2 ^ 2 ) 2 -j 

' m.2^\_‘mY TOx J-tII'224) 

In Table 45 are given the observed funda- 
mental frequencies of the three linear molecules 
C 2 II 2 , C 2 D 2 , and C 2 N 2 , and the ybrce constants 
hi, * 2 , hslhh for these molecules as obtained 
from (II, 221), (II, 223), and (II, 224) , assum- 
ing the internuclear distances given. The last 
three columns give the left- and right-hand 
sides of (II, 222) and the value of ve as calcu- 
lated from (II, 225), assuming the ks/hh ob- 
tained from Vi. It is seen that for the acety- 
lenes equation (II, 222) is quite well, fulfilled 
but the calculated values of v^ are in very 
poor agreement with the observed, while for 
cyanogen (II, 222) is poorly fulfilled but the 
agreement for vi, is fairly good. 

The form of the normal vibrations vi and v-i 
which is not determined by symmetry can be 
obtained in the same way as described earlier 
for non-linear XY 2 (see p. 171). The result for 
C 2 N 2 is illustrated in Fig. 64a, in which also the 
other three normal vibrations are drawn to 
scale for this case. It is soon that *'2 is essen- 
tially a Cl — C vibration whereas vi is a C — N 
vibration. 

Application to tetrahedral XY4 mole- 
cules. The potential energy of tetra- 
hedral XY4 molecules on the assumption 




SO' » < o- 


-*-o- 


(«) 




% h- 


I 


T 




-^n„ 


T 




-^Uu 


V 

o- 




(5) 




X 

-o^ 


Y 

-o 


5s -4-0- 


- 0 “>- 


hi<r. 64. Normal coordinates and symmetry 
coordinates of linear symmetric X 2 Y 2 - — The nor- 
mal vibrations in (a) are drawn to scale for 
4 : 2 X 2 (see Table 45). The two displacement 
vectors of X in vg and vr, are toy/tox times the 
displacement vectors of Y, those of X in vt are 
wy/to-x L^Cia/h) +1] times those of Y. In (b) 
two convenient symmetry coordinates of species 
are shown. The symmetry coordinates for 
the other species are identical with the normal 
coordinates in (a). 

of valence forces is given by 


2V 


-f- ?2 -|- rg” -f- r 4 “) -|- Jcs{di2 -h Sis ~ 1 ~ 574 -(- 533 -(- ^24 -h ^34), 


(II, 226 ) 


wheie the force constant k corresponds to the change of length r.; of the XY bond 
and ks corresponds to the chaiige 5 ,/, of the angle YXY. Unlike the case of central 
forces, here all individual forces are zero in the equilibrium position. Correspond- 
ingly there are only two rather than three force constants. Introduction of sym- 
metry coordinates and setting up of the secular equation leads to the following 
equations for the four fundamental frequencies ^Lechner ( 564 ) quoted by 
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Kohlrausch (14)3 : 



Jl 

My ’• 




II, 4 

(II, 227) 
(II, 228) 
(II, 229) 
(II, 230) 


Here I is the XY distance, vi = V^/2x is the totally symmetric non-degenerate 
oscillation (see Fig. 51), is the doubly degenerate vibration, and va and V4 are the 
triply degenerate vibrations. 

Since there are only two potential constants but four equations for the frequencies, 
there will be two checks, k and ks/P are most easily determined from Xi and \ 2 . 
Substituting into the equations for \s + X 4 and X 3 X 4 , we obtain 


X3 + X4 = 

_ 

V1V2 




1 + 



(II, 231) 
(II, 232) 


TaBLK 46. FORCE CONSTANTS OF TBTRAHKDKAJ* MOLECULES XY, ON THE 
ASSUMPTION OF VALENCE FORCES. 


Molecule 

k 

ks. 

P 

■ + 

R.H.8. (II, 231) 



CH, 

5.04 

0.461 

6.38 

6.69 

0.89 

0.94 

CD, 

5.16 

0.439 

3.59 

3.76 

1.02 

1.06 

SiH, 

2.84 

0.189 

3.29 

3.36 

0.93 

0.87 

NH4+ 

5.46 

0.562 

6.93 

7.27 

0.86 

0.93 

CF, 

9.14 

0.713 

1.18 

1.89 

2.02 

2.21 

SiF, 

7.16 

0.252 

0.72 

0.79 

2.06 

1.57 

OCI 4 

4.:J8 

0.331 

0.41 

0.78 

2.44 

2.92 

SiCl, 

3.75 

0.157 

0.25 

0.32 

2.11 

2.01 

TiCl, 

3.11 

0.100 

0.156 

0.191 

1.51 

1.63 

GeCl, 

3.27 

0.125 

0.138 

0.169 

1.47 

’ 1.40 

SnCl, 

2.80 

0.075 

0.106 

0.118 

1.42 

1.21 

CBr, 

3.36 

0.237 

0.29 

0.53 

3.74 

4.29 

SiBr, 

2.92 

0.127 

0.151 

0.20 

2.98 

2.87 

GeBr, . 

2.58 

0.095 

0.071 

0.089 

1.99 

1.90 

SnBr, 

2.28 

0.064 

0.050 

0.059 

1.74 

1.57 

SO,-- 

9.07 

0.639 

0.94 

1.13 

1.53 

1.41 

CIO 4 - 

8.24 

0.670 

0.95 

1.01 

1.60 

1.37 

PO, 

9.05 

0.414 

0.85 

1.08 

1.57 

1.43 


XIO® (lyiies/cni 

XlO® dynes/cm 



On p. 178. 
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Table 46 gives for the same molecules as in Table 39 the force constants k and 
and the left- and right-hand sides of equations (II, 231) and (11, 232). The 
agreement is good for the hydrides but very poor for CF 4 , CCI 4 , and CBr 4 , and fair 
for the other molecules given. On the whole, the consistency for the valence force 
system in the case of tetrahedral molecules is at least as good as for the central 
force system (Table 39), even though the. former uses only two adjustable force 
constants as compared to three for the latter. But a refinement of the valence force 
field (see below) leads to a still better agreement. 


Application to plane X 2 y 4 (point group Fa). For ethylene-like molecules X 2 Y 4 with bonds be- 
tween X — X and X — Y, the potential energy, under the assumption of valence forces, is given by 

2V = + hCQh + < 31 * + QU + <? 46 ) + ^ 5 ( 5?2 + Sle) 

+ kg'CSfi -H 824 4- 536 -4- SIb) 4 4 4 ky-y^. (II, 233) 

•Here the Qiht as previously, are the changes of the distances between nuclei i and k (with the number- 
ing used in Fig, 57), are the changes of the valence angles involving nucleus i and fc, ^12 and /Sse 
are the angles between the XY 2 planes and the XX axis, and y is the angle of torsion of the two XY 2 
about the XX axis. ki and k 2 are the stretching force constants of the X — X and X — Y bonds re- 
spectively, and k^' axe the bending force constants corresponding to the Y — X — Y and Y — X — X 
angles respectively, kp is the force constant corresponding to the bending of the plane of the mole- 
cule and ky is the torsional force constant. 

If the QiJc, dikf and y are expressed in tferms of the symmetry coordinates of Fig. 57, the 
potential constants cik in (II, 131) can be obtained. Substituting these and the dik from (II, 142) 
into (II, 133), one finds for the three vibrations of species A^,: 


* Xi -f" X 2 "b ^3 ~ 
X1X2 "H X2X3 "-f- X1X3 = 
XiX'iXy = 


2ki ^ k2 

mx. 


-( 

i-Y \ 


1 . 2 

1 H cos*^ oj 


) + f ( 

J niY • \ 


2k:k2 




"t" 2 /C 5 ) 


2mY . 

1 d sm^ (X 


)■ 


2kikAkY + 2ks) 


1 -f- 


2mY \ , 2ki(ks' + 2ks) 


7nx 


r) 






(II, 234) 


Similarly, from (II, 134) one obtains for the vibration of species Au (torsional oscillation): 


X 4 = 


;c. 


sin^ <x 

From (II, 135) one obtains for the two vibrations of species Bif/Z 


/ 2'mY 

Xs + Xfi — ( 1 ^ sim Of 

my \ wx 


XftXo 


k ^ks' r 

myH^^ L 


1 + 


27nY 


— I 1 --- 4 (30a 0, 4. 4 . \ 1 . 

C V h / J 


From (II, 136) and (II, 137) one obtains for the vibrations of species Bm and 


X7 


Ir \ mx J 


2tnY ' 


2 cos^ amy 

1 ka r 


k0 r 


+ 


(li -b 2^2 cos n)® 


cos^ (X L ^^* Y X 

From (II, 138) one obtains for the two vibrations of species B^u 


] 


Xfl -b Xio = I 1 H sm-^ o: 1 H -7 I 1 -i — cos^ a ] , 

7ny \ mx / tnyk^ \ mx / 

^ k^ks^ f 


1 

mx J 


(II, 235) 


(II, 236) 


(II, 237) 
(II, 238) 


(II, 239) 
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And finally, from (II, 139), for the two vibrations of species 


. , , , , 2mY , \ , h' + 2/b5 / 2mY \ 

Xii + >^12 = — ( Id cos2 a I + ( 1 H sm2 a ) , 

my \ / 'friYh \ J 


X11X12 = 


my \ mx 

Mh' + 2h) 




( 


2mY \ 

mx / 


(11, 240) 


Table 47. observed fundamental fbequencies and force constants 
OP plane symmetric X2Y4 MOLECULES. 



C 2 H 4 

C 2 D 4 

C 2 CI 4 

N 2 O 4 


I'l(«l7) 

3019 

2251 

1571 

1360 


Viiaa) 

1623 

1515 

447 

813 


Mag) 

1342 

981 

237 

283 


Mau) 

825 

— 

— 

— 


Pz(blo) 

327282 

2304 

1000 

1724 


Viihg) 

1050 

883 

347 

500 

cm ^ 

V7(biu) 

949 

720 

332? 

680 


Mf>^g) 

943 

780 

512 

— 



3106 

2345 

913 

1749 


vidibitt) 

995 

— 

— 

380 


mibsxi) 

2990 

2200 

782 

1265 


vviQHu) 

1444 

1078 

387? 

752 


\i d“X2+X3 — Xu — X 12 

1.50 

1.37 

1.16 

0.25 


/ 2mY\ X 1 X 2 X 3 

(' + »x)x..x.. 

1.60 

1.56 

1.24 

0.21 


wx/, , 2 ?>iy\X 1 X 2 X 3 ®® 

2 \ mx/XnXi 2 

9.57 

9.39 

7.47 

1.47 

xio® 

dynes/cm 

]C2 ®® 

ks 

U 

5.08 

0.269 

5.27 

0.338 

3.21 

11.00 

0.023 

hi' o® 
li 

0.567 

0.448 


0.108 


— (from 1 ^ 7 ) 

If 

0.229 

0.231 

1.67 

0.663 


Jc*Y 

Ti 

0.303 






On p. 178. 

For a more detailed discussion of the vibrational assignments for C 2 H 4 , C 2 D 4 , and C 2 CA 4 , see 
Chapter III, section 3d. The assignments for N 2 O 4 are those of Sutherland (822). 

If for j /5 instead of 3272 the value 3075 is used (as is done by several investigators), and 
calculated a much better agreement with the value derived from and no is obtained. 

However, this does not seem to be sufficient reason to change the assignment (see Chapter III, 
section 3d). 

For C2H4, C2D4, and C2CI4 from vn and vu, for N2O4 from and vio. For C2CI4 a slight 
adjustment of vn and vn was necessary in order to prevent h> from becoming complex. For C 2 H 4 
the /c 2 value obtained from ro and vio agrees exactly with that obtained from vn and wz. 

For C 2 H 4 and C 2 D 4 from vu, vu and /ca', for N 2 O 4 from vu V 2 , vz ^i-nd 
For C 2 H 4 and N 2 O 4 from vo and j'lo, for C 2 D 4 from rs and 
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In the above equations h is the X — X, Za the X — Y distance in the equilibrium position and a is 
half the angle at X in the XYo triangle (see Fig, 57). The equations for the vibrations in the plane 
of the molecule have been given by Kohlrausch (14), for the out-of-plane vibrations by Bernard and 
Manneback (139) ; but it should be noted that some of their force constants are defined in a slightly 
different way. 


TaBLB 48. MOLKCULEB TREATED ON THE BASIS OF THE SIMPLE VALENCE FORCE SYSTEM. 


Molecule 

Point groux) 

References 

Non-linear XYa 

C^v 


Linear XY 2 

^coh 


Non-linear XYZ 

c* 


Linear XYZ 

Coot) 

^^See the x:>recoding text 

Pyramidal XY 3 



Plane XY;, 

Diih 


Plane XYZ 2 



Linear X 2 Y 2 ‘ . 

•Doo/i 


Non-linear X 2 Y 2 

C 2 D and C 2 /i 

Kohlrausch (14), Trenkler (872) 

Linear WXYZ 

Cooy 

Kohlrausch (14), Lechner (563) 

Tetrahedral X 4 

Ta 

Bhagavantam and Venkatarayudu (153) 

Square X 4 


Kohlrausch (14) 

Plane X 4 

Vk 

Trenkler (872) 

Tetrahedral X Y 4 

Td 

See the preceding text 

Plane XY 4 

154/1 

Kohlrausch (14), Wilson (932) 

Linear XY 2 Z 2 

Dco/i 

Kohlrausch (14) 

Non-linear XY 2 Z 2 

C 21 , or C-Zh 

Thompson and Linnctt (858) 

Tetrahedral XY 2 Z 2 

C 2 y 

Wu (962) 

Plane XY 2 Z 2 

Pa 

Kohlrausch (14) 

Plane Xr. 

Dr,h 

Kohlrausrai (14), Reitz (735) 

Axial XYZ;, 

c,„ 

Kohlrausch (14), Wagner (90G) 

Plane XYZa (cyclobutanono) - . . . 

Ct„ 

Trenkler (872) 

Plano X 2 Y 4 

Pa 

See the preceding text 

HC=C— (issOH 


Glocklcr and Wall (384) 

X 2 (YZ )2 (1,3-cyclobutanedione) . 

Pa 

Trenkler (872) 

Xf) 

X>GA 

Kohlrausch (14), Bosscdic and Manneback (172) 
Wilson (930), Mannebacik (597) 

CHs— feCH 

c,„ 

Cllockler and Wall (384) 

O 2 H 0 

D-zh or Dm 

Howard (460) 

Trans CIH 2 C— CHaBr 


Mizushima, Merino, and Kozima (630) 

XflYa 

Pa 

^Frenklor (871) 

(NH 2 ) 2 r:o 

Cm 

Kellner (495) 

Y 2 XY 2 XY 2 (Aiscnfl) 

Pa 

Ivolilrauscli and Wiigncr (r)32a,) 

X«Y:, 

Dui 

Trenkler (871) 

CHaOssCriT;, 

Du. or Dm 

(Slockler and Wall (384) 



C;iA 

Kellner (495) 

C(OH;,).. 

T,i 

Silver (788) 
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Since there are only six force constants but twelve equations, there are six relations between 
the frequencies that may serve as a check on the validity of the assumption of valence forces in this 
case* One of these, which is easily obtained from the above equations, is 


Xi + X2 + X3 — Xu — X12 


( 


2mY \ 

1 + — ) 


XliX]2 


2 fci 

mx. 


(II, 241) 


It serves at the same time to determine ki. The other force constants can be determined easily from 
the other equations. 

Table 47 gives the observed fundamental frequencies of the molecules C 2 H 4 , C 2 D 4 , C 2 Cl,i, and 
N 2 O 4 , which very probably have the symmetry Vh, as well as the left- and right-hand sides of equation 
(II, 241). It is seen that the agreement is quite satisfactory. Table 47 gives also some of the force 
constants obtained from the equations (II, 234—240), assuming an Y — X — Y angle of 120 °, and in 
the case of ks ' for O 2 H 4 the internuclear distances given in Chapter IV, section 3b. If one and 
the same force constant is determined from different frequencies, that is, different equations of 
(II, 234—240), somewhat different values are obtained due to lack of validity of the valence force 
system. Therefore the frequencies used for each force constant are indicated in the footnotes. 

Other molecules. A number of other molecules have been treated on the basis of the valence 
force field and formulae for the frequencies have been derived. These molecules are collected in 
Table 48, where references are given to the papers in which they are treated. The table does not 
include more general treatments (see the following subsection) . 

(e) Assumption of more general force fields 

While the most general form of the potential energy in most cases contains more 
constants (quadratic terms) than there are normal frequencies, we have seen in the 
above that the assumption of central forces or of valence forces leads in general to 
fewer potential constants than there are frequencies; and therefore one or more of 
the equations for the frequencies may be used as a check for the validity of the 
special assumptions made about the forces. Alternatively, one may also use all or 
part of these additional equations for the determination of further potential constants, 
that is, assume a more general field of force approaching as nearly as possible the 
most general case. A great deal of work has been done in this direction. 

XY2 molecules. In the case of a non-linear symmetrical triatomic molecule XYa, 
the assumption of valence or of central forces requires only two potential constants, 
while there are three frequencies- Therefore, if we start out from the assumption 
of central forces between the three atoms we could introduce an additional force 
acting on one Y atom when the distance of the other Y atom from X is changed. 
The potential energy would be, in this case (compare (II, 97)), 

2V = aixiQj^ H" ^2^) + CizzQ^ + 2ax%QiQ2. (II, 242) 

The resulting formulae for the frequencies are immediately obtained from the general 
formulae (II, 124-126) by putting aia = 0. However, if the observed frequencies 
(Table 37) are substituted, in general not real but comple.v values for the force 
constants are obtained, confirming our previous conclusion that the central force 
system is not satisfactory for most XY2 molecules, even if it is modified in the way 
here described. 

If a similar force is introduced in the valence force system the potential energy is 
(compare equation (II, 186)), 


2 F = kiiQi^ 4- Qo2) -f 27C12Q1Q2 + 


(II, 243) 
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a, rid in the SHine way as previously (see p. 1681), one obtains for the frequei 


Glides 


Xi X2^ 


( 


2OTy 

1 + COS 


\ + ^12 / 


2mY 

mx 


sm" 


\ h 

) niYF ’ 


x,X2-2( 1 + '^) .b^thi h 

\ nix / rriY^ P * 


(II, 244) 


-( 


1 "f- 


2 my 


sin^ 


“) 


— A!I2 


/ My 

In the case of H 2 O these equations lead to the values 


ki = 7.66 X 10« 


k 


12 


0.097 X 10®, 


k^ 


^2 = 0.703 X 10® dynes/cni. 


If we apply the equations (II, 244) as previously (p. 172), to the case of a liv^ar 
symmetric molecule (a = 90"), we find 


Xi 

X 2 


“h ^^12 
7ThY 


( 


1 

fnx / niY P ’ 


(II, 245) 


X, =. (1 

\ mx ) rriY 


In the case of CO 2 and CkS 2 (see Table 4p one obtains A:i == 15.5 X 10® and 7.5 X 10® 
and Ai 2 = 1.3 X 10® and 0.6 X 10® dynes/em respectively, while k^jP, of course,' 
leniains the same as under the assumption of valence forces only. 

The smallness of the interaction constant k^ as compared to ki in the cases dis- 
cussed indicates that the assumption of valence forces is at least a fair approximation 
l^see also Shaft er and Newton (778)3- Therefore also the previous diagrams of the 
actual form of the oscillations would have to be changed only very slightly. 

Instead of introducing as additional force the interaction between Qi and Q 2 , 
we may also introduce a central force between the two Y atoms between which no 
valence force is acting; that is, we have then a mixture of valence and central forces. 
Tormulae for this case have been given by Mecke (614). 


Pyramidal XYj molecules. In the case of four-atomic, pi/ramidal molecules XY3 we have seen 
Unit there are only two force constants on the assurniition of valence or central forces alone whereas 
there are four frefiuenfues. ^ Wo may therefore introduce two additional force constants. Naturally 
there are various possiliilitios for choosing these force constants, since the most general potential 
function (II , 15.‘1) would have six constants. Starting out from the assumption of valence forces 
and following Howard and Wilson (402), wo choose an additional force between X and one of the 
Y atoms when the distance of the other Y atoms from X is changed and an additional force tending 
to (diango one Y— X— Y angle when the others are changed ; that is. we put for the potential cnerau 
[compare (II, 201) and Fig. .58] 

21 ~ Aii(Qio d" Q;,.) -f- + 2ArP((,)]2<3i3 d- Qi»Qi^ d“ diaQi4) 

d” Aij(5uj d“ 624 d“ 534) d“ 2A;{'(523524 d“ 5235s4 d“ 304534), (II, 246) 
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Substituting the Bik from (II, 202 ) and the Qik from (II, 169 ), we obtain for the potential 
Cik in (II, 153 ) : 


cii == + 27ciO + 

Ci2 = — Sps(hi + 2^i') 
C22 = + 2 k\') + 

C33 = ^ 7 ^(ki — hi^) + 


(kB + 2/C5O, 


9 cos^ff 
cos^q :/2 P 

9 008^/3 (2r — 1)5 
cos2of/2 P 

9 cos^/3 (2r — 1) 


(A:5 + 2/.5O, 


cos^a /2 P 
Slmy^ ain^P ks — 


(h + 2 ks'), 


cri. 


C 34 = — 3r(7:i — ki') sin + 

C44 = I (ki. — AjiO + 


Smx^ cos^q ;/2 P 

27mY (1 + cos^/ 3) sin^id (/eg — A^s') 


S/nx cos^a /2 
9 (1 + cos^/ 3)2 (A;a kY) 


8 cos 2 q :/2 


72 


where p, r, and s are given by (II, 158 ), « is the Y— X— Y angle, and (3 the angle of XY wit-li the 
symmetry axis. 

Substituting these and the du from (II, 157 ) into (II, 153 ) gives the following eqn^ ».t i<.n« 

for the frequencies: 


Xi + X 




. W 2 Y 

1+3 COs 2 IS 

mx 


) *i-±^ + / 1 + 3 ^ ^ 'i »_ »i±W) 

J \ TOX /(l+3eos“/3) mv(2 


( 1+3 eos“ d) mr^l? 


- . 12 cos2 d / _ mv \ 

l+Scos^dV mx) 


X3 + X4 


1+3 cos^ 

3 mv 


my \ (Ail + 2 AiO (Aia + 2ks') 


my^ 


P 


( 


1 + 


2 TOX 


sin^ d 


) 


(A:i -- AiO 




+ 


2mx ^ ) (Ai« - Acs') 


(II, 24 «3 


X 3 X 4 = 


( 


rriY 


3 I 1 + cos 2 ^ + 3 — — sin 2 /3 



1+3 C 0 s 2 /3 


) (Ail - 


( 1+3 cos 2 / 9 ) 

/biO (/C5 -- 7 c 50 


ftiyp 




P 


Comparing these formulae with the previous formulae ( 11 , 204 - 207 ), wo see that the flifFr>-r-*ww.*» 
between the Aii values obtained on the assumption of valence forces from v^ and v on o 1 1 

an^rom .3 and .4 on the other is 3 .l^ and similarly for Trn:rv:;urC r 
h IP, as obtained from ( 11 , 248 ), are given in the last four columns of Table 43 It 'is seek I hktt ii! 

^ - the simple valeneo t-o.n. 

undeX^iuipTorot^lent thevo i.re. 

'““T o’. ; 

aasle,; that it, we writs for the petsntial eners^»"Cp'"® s°,ua“o“ ff" 2“o)]f ““ 

-V - + Qjj) ^ 2 J;„(Q„q„ + Q„C.J ^ *,( 5 !^ ,j. 2 les'St, 6 ,t. (II, 2 . 10 ) 

“ ‘ *» .i^t-ibsd above for XY„ wo obbtira f„r 

been obtaiaed it we haXtoducfd* a^trS t“X\we™ 
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the frequencies [compare equations (II, 221-225)]: 


Xi + X 2 — 
Xi * X 2 == 


2ki — 4/ci2 


mx 

2 & 1 /C 2 — 


+ 


niY \ /c2 


\ 


4&12 


mx'^Y 


Xj == ^ 1 +' 
/C5 


X 4 

X 5 


In. 

h^V . (^i + 2Z.>)2 

2^ L ^ 


(II, 250) 


mY 




"]■ 


( 


I lan. \ - 

^X / niYh^ 


Since the most general quadratic potential function contains six independent constants (see 
p. 148), only one more term would be needed to make (II, 249) the most general expression. This 
term would be one with ^ 12 ^ 34 , that is, the interaction of the two non-ad jacent X — Y bonds. Since 
such an interaction would be expected to be extremely small, the equations (II, 250) should give 
force constants that lead to a very satisfactory potential energy (II, 249). 

In the case of C 2 H 2 the following values for the force constants in 10® dynes/cm are obtained 
from the observed frequencies (see Table 45). 

ki = 15 . 72 , kz = 5 . 92 , ku = - 0 . 037 , . ~ = 0 . 188 , — = 0 . 069 . ■ 

hh hh 


A check is possible by calculating the potential constants for C 2 D 2 , which should be the same. One 
obtains for C 2 D 2 

/cs k/ 

hi =- 15 . 85 , £2 == 6 . 99 , , *12 == - 0 , 026 , ~ = 0 . 188 , = 0 . 072 . 

Z 1 Z 2 


The agreement with the potential constants of C 2 H 2 is very satisfactory. The remaining differences 
are almost certainly due to the neglect of anharmonicity (see section 5). 


Tetrahedral XY 4 molecules. Much work has been done on tetrahedral ni>olecules, which have 
four fundamental frequencies whereas there arc three central force constants and only two valence 
force constants. Urey and Bradley (882) have first suggested a combination of the valence and 
central force fields; they assume central forces between the corner atoms'* as well as forces opposing 
a change of the bond angles. The x>otential energy is then [compare (II, 182) and (II, 226)] 

2 V — — 2 a (Q 12 + • ^ru) + 2 V^OaCn + 7*2 + + rf) 


+ + QU “t b + InOi + '^2 + '^i + ^’ 4 ) + H 1” (II» 251) 


whore Qikr ri, and bih are explained in Fig. 59 and a is the force constant explained on p. lOG. Urey 
and Bradley have carried through the calculations under the assumption that the force between 
the corner atoms is a repulsion inversely proportional to the nth power of the distance (like the repul- 
sion between ions in crystals). This leads to a relation between the constants a and fci in (II, 251), 
leaving only three potential constants if a fixed value for n is assumed- Thus there remains one 
equation between the frequencies as a checdc for the ussurnptionB about the force field. We refrain 
from giving the detailed formulae for the frequencic^s. It will be sufficient to state that Urey and 
Bradley’s assumption about the forcx^s seems to fit the observed frequen(*ies better than either the 
central or valence force fields. Detailed calculations with the most general force field have been 
carried out l>y Itosenthal (747) (748), who has also comi^ared her results with the simpler force fields 
[see also Dennison (280)]. 


Plane X 2 Y 4 molecules (Sutherland and Dennison’s method). Sutherland and Dennison (828) 
have applied to the X 2 Y 4 moleeule (assuming point group Fa) a method that seems to be promising 
also for other ceases. They assume f.he most general potential furudvion for oacdx XY 2 group but then 
assume an ordiiuiry valence fortu^ b(dw(H>n tlie two X al.oins. 

The |>otential energy of ea<^h X Y 2 gr*oup may be expressed in h^rnxs of its symmetry coordinates, 
which wo call *s‘i, 6 * 2 , und .vy, thus [compare Fig. 5(ni and cciiiation (II, 109) where they are called 
/S’ 2 , > 83 ]: 


SKxYa + 2ai2.si.H2 + 


(II, 252) 
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If we restrict our considerations to the vibrations in the plane of the molecule (for those perpendicti *** 
to the plane, see p. 183) the potential energy of the two XY2 groups bound by one valence lOi « 
is given by 

2Fxi5Y4 =* + a22(s2'^ + 52''^) + 2an{$i's%^ + 

+ azz{s/ + 53 "^) + a446‘o^ + a^h{<Ti? + (II, 

where the ' and " distinguish the two XY2 groups, where so is the change of distance of the two 
atoms and where cn, 0-2, <15, and <75 are the changes of the angles of the four X— Y bonds with i f rc 
X— X bond. 

We have now to introduce the symmetry coordinates of the X2Y4 molecule. As such wc tJ- 
those of Fig. 57, They have been chosen in such a way that wherever possible they are simp^lV 
symmetric or antisymmetric combination of the symmetry coordinates of XYa- Iheieforc t ^ 
following relations hold, as can immediately be read from Fig. 57: 

2si' = >S2 + ^ 12 , 


2s/' — ^>2 — ^12, 
2^2^ = S3 + Sii, 
252" = S3 - Sll,. 

253^ = S5 + Sq, 

' 253" = S5 Sg. 

Furthermore, it is seen from Fig, 57 that 

So = 2Si + - S3, 

M 

and finally, we have for the changes of angle: 

■ /I \ ^ ■ 


0ri = pS^ — ^>^3 — Ss — rSe — pSg 4* j5Sio — qSii + i^Su, 

org = pS2 qSz + ^ h P ^ ^^5 + rSg + pSg iSio *“ Q^ll + pSi2» 

Vg » pS2 — qS,z + ^ hp^^sd- — pSg + ^Sio + (?Sii — ‘pSi2, 

(jTg = pS2 — (7*^3 — ^ h P ^ S^5 — ^^6 + pSz ^fSio + {ZSii pSl2, 


(II, 2M) 


(II, 


(II, 2Sfl1. 


where 


^ = r , p = 7 ;; , Q 

2mY — a 


sin a: cos a, 


a cos <x 


1 cos^ a . mx ^ cos cc ^ cob^ a , nix 1 

mpm., 1 . 1 , — ■ -1^ , . ■ . -- ^ ♦jr-Ti-L -.i.iriii.i.iiniTiiTr.inI j' 

a b — a 2mY (6 — a) (6 ~ a sin^ a) b -- a 2 my (h — a) 

For explanation of a, b, a, see Fig. 57. 

Substituting (II, 254-256) into (II, 253), we obtain 

( dll \ / dn 4 \ 

— h 4a6BP^ j ^ -|- 4a6&<f J Sa^ 

8 

-\ — a44SiS3 + (drz + 8a^^pq)S*>Sz 
M 


t 0&33 

— +• 4a56 


( " + p )'' ] Sfi* + 4a66/^-S’6=' + SflBfi (“ + /») 


+ y ^ "t" 4a66P^ J Sg^ + 4a5B<^Sjo ■“ SaztiptS^Sio 
+ ^ ~ + 40665^ ^ jSii + ( I" 4af>5?5^ ^ *812 + («n 




(II, 


(II, 
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If the coefficients dk of 8iSk in this equation and the dik from (II, 142) are substituted into the 
equations (II, 133), (II, 135), (II, 138), and (II, 139) the frequencies of the nine normal vibrations 
in the plane of the molecule are obtained in terms of the six potential consUints an, < 7 . 22 , ^ 12 , ^ 33 , a 44 , 
and of (II, 253), which can thus be determined when the frequencies are known. In addition 
there would be three checks, one of which might also be used to determine the angle <x. 

The great advantage of the above described method is that one may now apply the general 
potential constants an, a* 22 y (I 12 , and asg of the XY 2 group thus obtained to the discussion of other 
molecules containing this group, for example, the potential constants of CH 2 in C 2 H 4 to the molecules 
H 2 CO, H 2 C=C=CH 2 , and others. Sutherland and Dennison (828) have carried through the calcu- 
lations only for the “parallel vibrations of C 2 H 4 and H 2 CO, that is, the vibrations of symmetry 
type Aij, Bzu, and Ai respectively. In doing this they neglected the potential constant ass introduced 
above. Even with this neglect the three equations for the parallel frequencies of H 2 CO give three 
values for the force constant of the C — O bond that agree in a very satisfactory way. 

Calculations of the frequencies of X 2 Y 4 molecules based on other potential functions have been 
made by Wilson [^quoted by Bonner (163)]], Thompson and Linnett (856), Fox and Martin (328), 
and Manneback and Verleysen (598). 

Other molecules. Quadratic potential functions more general than the simple valence force or 
central force system have been applied to a number of other molecules. Table 49 summarizes these 
cases and gives references to the original papers. 


TABLn 49. MOLECTTLES TREATED ON THE BASIS OP A MORE OENERAL. 
QUADRATIC POTENTIAB FUNCTION. 


Molecule 

Point group 

References 

Nori’-linear XY> 


^ See the preceding text 

Linear XY 2 


Linear XYZ . 

^(XiV 

Engler and Kohlrauaoh (30G), Rosenthal (749) 

Pyramidal XY 3 

Czv 

See the i>receding text 

Plane XY 3 


Anderson, Lasettre and Yost (52) 

Plane X YZa 

C;„ 

Silver and Ebers (789) 

Linear X 2 Y 2 

L>co/. 

Sec the preceding text 

Non-planar non-linear X 2 Y 2 . . . . 

Ci 

Merino and Mizushirna (635), liailey and 

Gordon ( 88 ) 

Tetrahedral XY 4 

Td 

See the preceding text 

Linear XY 2 Z 2 (CaOo) 


Engler and Kohirausch (306) 

Axial XYZa 

C-M) 

Voge and Rosenthal (903), Sutherland and Denni- 
son (828), Slawsky and Dennison (79(5), Linnett 
(582), Shaffer (777) 

Tetrahedral XY.Za 

Czv 

Wagner (908) 

Plane X..X 4 

Vk 

See the preceding text 

HC^^C— 


Wu and Slien (964), Wu (25) 

CH 3 CN and CHiiNC 

1) 

Linnett (582) 

XYs (SF«) 

Ou 

Eucken and Sauter (314) 

CH2A=c=CH2 

Va 

Thompson and linnett (857), Wu (25) 

X..Y6 (CaHfl) 

Z>;u, or Dm 

Sutherland and Dennison (828), Stitt (810), 
Linnett (582) 

Xs (Ss) 

D.UI 

Bhagavantam and Venkatarayudu (153) 

XrYc (eyclo-CsHfil 


Saksena (754a) 

CHa— CH==CH 2 

Cs 

Wilson ami Wells (945) 

XbYo (CeHe) 


Wilson (930), Manneback (597), Bernard, Manne- 
baek, and Verleysen (139a) 
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(/) Inter compatison of force constants in different molecules, characteristic bond 
frequencies, stretching and bending vibrations, and related matters 

As nieixtioned before, the calculations described in the preceding subsections have 
as their ultimate aim the accurate determination of the field of force, that is, of the 
force constants, in as many molecules as possible, from the observed fundamental 
frequencies. The comparison of the different force constants in a given molecule 
and of the force constants of different molecules with similar groups is very impor- 
tant because this comparison throws light on the nature of the forces holding the atoms 
together, or in other words, on the electronic structure of the molecules. 

Invariance of force constants in different molecules. If the restoring force be- 
tween two atoms is the same in one molecule as in another, one would conclude that 
the electronic structure of the bond is at least very similar in the two cases. Con- 
versely, if one knows that the electronic structure is the same, one would expect the 
same force constants. On the. basis of an elementary theory of valence one would 
expect the C — H bond to have essentially the same electronic structure and there- 
fore the same force constant in different molecules, and similarly for the =C= 0 , 
— C^=N, and other bonds. This is indeed observed. For example, the C^N bond- 
stretching force Constantin HCN, CICN, BrCN, ICN, and (CN )2 (see Tables 42 and 45) 
is approximately 17 X 10 ® dynes/cm throughout; the C — H bond-stretching force 
constant in HCN, C 2 H 2 , and C 4 H 2 is 5.85 X 10 ® dynes/cm; the 0=0 and 0=S bo7id- 
stretching force constants in SCO (Table 42) are very nearly the same as in CO 2 and 
CS 2 ’ respectively (Table 41), and similarly in other cases. 

However, on closer exaniination it is found that this invariance of the force con- 
stants holds exactly only if the bond is in similar surroundings; for example, the C — H 
stretching force constant in C2H4 and H2CO, where it is adjacent to a double bond, 
is 5.28; in C 2 H 6 and other cases, where it is adjacent to single bonds, it is 4.79; and 
finally in the free radical it is 4.09, as compared to the above value of 5.85 X 10® 
dynes/cm when it is adjacent to a triple bond. Similar results are obtained for other 
bond-stretching force constants and also for the bond-bending force constants. For 
the latter, the condition of similar surroundings is still more critical, as one would 
expect. It is not sufficient that the same type of bond (single, double, or triple) be 
adjacent to the one considered — the atoms at the other end of the adjacent bonds 
must be the same; for example, the C — H bending constant in CH 2 would be e.x- 
pected to be different from that in CHCl, just as the bending force constant for the 
C — C — H angle in C 2 H 4 is different from that for the H — C — H angle (see p. 183f.). 
In Table 50 are given the stretching and bending force constants for the more 
important cases. It is interesting to note that the stretching force constants for 
the C — C single, double, and triple bonds are approximately in the ratio 1 : 2 :,3. 

The above discussion was based on the assumption of valence forces but, as was 
first pointed out by Sutherland and Dennison (828), it also holds for more general 
force systems (see p. 189f.). Crawford and Brinkley (240) and others have shown 
for a number of molecules that by taking over not only the stretching and bending 
constants hut also the interaction constants []such as fci 2 in (II, 243) or kx and ks' in 
(II, 246)3 from other molecules with the same groups some or all of the normal 
frequencies may be predicted to within 1 or 2 per cent of the observed values. It 
is clear that such a procedure is of great importance since in this way it is possible 
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Ta.BLE 50. STRETCHING AND BENDING FORCE CONSTANTS FOR VARIOUS BONDS AND BOND ANGLES. 



Stretching*'^ 
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Bending®^ 

Bond 

force 

Bond 

force 

Bond angle 

force 


constant 


constant 


constant 

~C— H 
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— C— H 

4.79* 
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— C-H 
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CH 
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11.82 



C — H (radical) 

4.09 
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7.5 

C=^=C 
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lil 
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15.59* 

C==S(1S) 

8.22 

C^C- 

0.55*- 
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c=c 
/ \ 

9.6 

— 0— H 

7.66 

c-^c^ 

0.155*-r2^, 
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0 — H radical 

7.12 
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5.18* 



o=c. 

1.5 Tch 
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— N— H 

6.35 
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\ / 
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/ \ 
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0.76* 

4.50* 
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6.03 
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C—C (radical) 

9.25 

— C— F 
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5.96* 

Cl^C— 

0.58*-r2j, 



\ 




--G:s5N 

17.73* 

-C—Cl 

3.04* 


0.52* 
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C~N (radical) 

15,88 

0— Cl radical 

3.87 

I-C- 

0.45* -rgjj 



^C-— Br 
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3.13* 





\ 






-C— I 

2.65* 





/ 





X10« 


XI O'"’ 


X10« 


dyiies/<nii 


«lyncs/cm 


dynes/cm 


The vmIuos marked with an asterisk have })eori calculated by Crawford and Brinkley (240) 
under the assumption of a more general force field (see text). Values differing from some of these 
by amounts up to 10 per cent have been given by Linnott (582) (583) and Noether (672) on the basis 
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to find the correct assignment of the observed frequencies in more complicated mole- 
cules or even to obtain approximate values for these frequencies without actual 
observation. 

It must be realized, however, that with increasing accuracy of observations and 
calculations slight differences in the force constants are to be expected since there 
will always be some difference in the surroundings of a given group in different 

molecules. Thus, for, example, while the — C — stretching constant is the same 

in H3C — C^C — H and H3C — C=C — CH3, it seems to be somewhat different in 
H3C — C=N Qsee Crawford and Brinkley (240) and Linnett (583)]. Relations very 
similar to those for the force constants hold also for the internuclear distances 
(see p. 440). 

Characteristic bond (group) frequencies. The application of the above con- 
siderations to the problem of the correct assignment of the observed vibrational 
frequencies is greatly simplified by a corollary of the invariance of bond force con- 
stants, namely, the constancy of bond or group frequencies in different molecules, which 
was first established by observation and only later explained theoretically on the 
basis of the constancy of bond force constants. For example, all molecules contain- 
ing the =C — H bond have normal frequencies of about 3300 and 700 cm~^ (see, for 
example, HCN in Table 42 and C 2 H 2 in Table 45), all molecules containing the 

=CH group have normal frequencies of about 3020 cm~^, all molecules containing the 

— C — H group have normal frequencies of about 2960 cm~^, all molecules containing 

the ^CH 2 or the — CH3 group have in addition normal frequencies of about 1450 

cm“’^, and similarly for other cases. Conversely, from the observation of such fre- 
quencies it may be concluded that the corresponding group is present, although this 
should be done with caution on account of the complications mentioned below. 
Table 51 gives for a number of groups these characteristic vibrational frequencies. 
The values given usually hold within d=100 cm~^, in some cases less. 

The observation of the characteristic frequencies as indicated in Table 51 has 
led Mecke (609) (610) (611) to the introduction of the concept of valence and deforma- 
tion vibrations that is, the idea that to every bond in a molecule corresponds a 
vibration in which this bond is stretched and another one of much smaller frequency 
in which it is bent. This idea seems to be confirmed by the general correspondence 
between the vibrational frequencies of Table 51 and the force constants of Table 50. 
We shall in the following refer to these oscillations as bond-stretching and bond-bending 
vibrations since the names valence and deformation vibrations appear somewhat 
ambiguous. 


of slightly different potential functions. — The values for the diatomic radicals are baaed on 
rather than w* values since the values for the polyatomic molecules are obtained from observed 
fundamentals rather than zero order frequencies. 

Some authors distinguish these oscillations by the designations vi, v-z, vz di, Sz, Sz • ■ • and 
in addition the torsion oscillations by ri, t-j, ts • • • • . This practice is not adopted hei’e because of 
the ambiguities to be discussed below (p. 199 f.). 
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At first sight it might appear somewhat puzzling that there should be such 
characteristic group frequencies, even though there are characteristic force constants, 
since we know that in a certain normal vibration in general all nuclei of a molecule 
are taking part. But it will be shown below that in many cases the occurrence of 
characteristic group Irequencies is in agreement with theory. On the other hand, 


IaBLiE 51. CHARACTBRISTIG FKEQUKN'GIEB OF VAIilOUB GROUPS, 
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— C"hN 
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it must be realized tliat there are cases in which observed frequencies cannot be 
classified as belongjing to a certain j^roiip, or it they belong’ to a certain group cannot 
be classified as bond-st retd ring or l)ond-bending vibrations. 

An explctuation of the occurrence of group frequencies can easily be given in the 
cases of the C— 11, O— -PI, N IP vibrations* Since the mass of the hydrogen 
nucleus is so much smaller than that of the other nuclei in the molecule, the ampli- 
tudes of vibrations of the latter will be very much, smaller than those of the former. 
In first approximation we may consider the H nucleus oscillating against an infinitely 
huge mass, and therefore the vibration frequency depends practically only on the 

This refers to the trmeons state. In li<|iiids the value is about 3400 cm"*^ (aeo p. 334). 
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force by which the H atom is bound to the rest of the molecule and will be nearly 
the same for different molecules with the same C — H, or 0 H or N H force con- 
stants. According to our previous discussion of a mass suspended by an elastic bar 
(p. 62), since the H atom is always an end atom, it can only move in the line of the 
particular bond or perpendicular to it: that is, it can execute only stretching or bend- 
ing vibrations with frequencies corresponding to the stretching and bending force 
constants (see above). 

If there are two O — H groups as in H 2 O, or two =C! — H groups as in HC^CH 

and HC^C — C^CH, or two =G — H groups as in H 2 G== 0 , or more than two such 
groups as in C2H4, they will of course all vibrate simultaneously and there will be 
several normal frequencies, but they will all be of nearly the same magnitude as for 
a single group, differing only by a comparatively small amount, which is an indication 
of the strength of the interaction of the equivalent groups. 

Let us consider as an example the C 2 H 2 molecule. Each C — H group, if the 
rest of the molecule were fixed, would vibrate with the frequency corresponding to 
the — H stretching or bending force constant. In the actual molecule, however, 

the vibration must be symmetric or antisymmetric with respect to the center of 
symmetry of the molecule; that is, the two C — H groups can oscillate only sym- 
metrically or antisymmetrically with respect to each other. This gives two C — H 
vibrations in the axis of the molecule and two perpendicular to it (i^i, v^, and Vi, 
of Eig. 64). Of course in all these four vibrations the C atoms are also moving, but 
with much smaller amplitude because of their larger mass. In addition tliere is a 
C=C vibration {vi of Eig. 64) in which essentially the C — II groups are moving as 
if they were rigid, and which therefore has a frequency corresponding to the — C=C — 
stretching force constant. The actually observed freqiiencies (Table 45) are in agree- 
ment with these considerations. There are two C — H stretching vibrations of fre- 
quency 3374 and 3287 cm“^ respectively, two C — H bending vibrations of fiaupunicy 
612 and 729 cm~’^ respectively, and one C=C stretching vibration of frequency 
1974 cm~^. 


These relations are also boi’xie out by the equations (II, 221-225) for tlio fro(iuen(n<>H, whicli are 
based on the assumption of valence forces; the frequency vw depends only on /oo, tlu^ Cl— 11 si-r(‘tnhin^ 
force constant []see equation (II, 223)] and if it is considered that 1 + 1 it lollows from 

(II, 221) and (II, 222) that 

\i = 4:TrHi^ « 2 —— , (II, 251)) 


X2 


= 4irW ^ 


my ’ 


(II, 200) 


that is, vx corresponds to a C^C, V 2 to a C — H stretching viliration. The frequen(d(\s are same 
as in diatomic molecules C^C and C — H with the force constants ki and hz respcMvtivt'ly (ex(Hu>t 
that for C — H it is 'mj£ rather than + 'inc) that, is used). 

One may also conceive of the two C- — H stretching frequ<ai(des of Ct^llu (and siinihuiy tlie two 
bending vibrations) as being produced by a refsonance hetwevn tlia two O — 11 (h^llatons much tdio saino 
as the resonance between two coupled pendulums or, in quantum theory, Heiscudierg’s resonance in 
helium Qsee (8), p. 66f.]. The coupling is provided by the bond. As in the case of the two 

coupled pendulums, the resultant motion may be considered as a su|>eri)()sition of a. Hyrnni(*tri<^ and 
an antisymmetric vibration of somewhat different frequencies, one soinewhat liigher and tlie other 
somewhat lower than the frequency of one C — H group would bo if the rest of thi^ inokNnile w(‘re lixed. 
The difference in frequency is the larger the larger the coupling. In the present case it is 86 
In the diacetylene molecule H — C=C — C^G — H, the distance of tlie C — H groiqis 13 mucdi larger 
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and therefore the eonpling much smaller. One would therofoi’e expect the difference of the two 
C— H stretching frequencies to be much smaller'. Up to now only one vibration has been observed. 

If in acetylene one H is replaced by D there is no longer resonance, and therefore there is essen- 
tially one G — H and one C— D vibration, as has been shown in more detail by Forster [^quoted in 
(439) J and as is in agreement with the observed frequencies Hs®® P- 292, and accompanying 

discussion]- The same considerations apply to HDO, HDS, and other molecules. 

In linear molecules the bond-stretching and bond-bending vibrations have differ- 
ent symmetry types (they are S'*" and 11 vibrations respectively). Therefore this 
distinction can be rigorously made for any mass of the atoms. For bent molecules 
this distinction can be made only to a certain approximation and only when the masses 
of the end atoms of the. group are either small or quite different. Consider, for example, 
the II 2 O molecule, or the CH 2 group in H 2 CO. We have seen previously (p, 171) 
that for these molecules in one of the two totally symmetric oscillations, vi, the H 
atoms move approximately but not exactly along the lines O — H or C — H respec- 
tively, in the other, perpendicular to these lines, while in the third (antisymmetric) 
vibration vz they move exactly in these lines (see Fig. 60a). Equations (II, 190) 
and (II, 191) show indeed that, if Tny is small compared to mx. (but only then), vi 
depends almost entirely on the stretching force constant ki, almost entirely on the 
bending force constant fcs. On this basis it is possible to obtain an approximate 
picture of the form of the oscillations and approximate values for their frequencies 
without detailed calculations. For H 2 O, two O — H stretching frequencies of nearly 
the same magnitude are expected, one symmetric and the other antisymmetric, and 
in addition a bending frequency of much smaller magnitude. This is very similar 
to the situation discussed above for C 2 H 2 . The frequencies are 3652, 3756, and 1595 
cm~^. Three similar frequencies are expected for the CH 2 group, for example in 
H 2 CO. They are found at 2780, 2874, and 1503 cm-^ (see Table 51). The form of 
the vibrations given in the previous Fig. 24 was obtained in the above described way,®® 

Similarly, for NH;i, CH;q and other XY3 molecules or groups with 
there are three vibrations in wliich the Y atoms move approximately in the X — Y 
direction and three in which tliey move perpendicular to this direction. Of each 
group of vibrations two are mutually degenerate. In NH3 the bond-stretching 
frequencies are 3337 and 3414 cin~i, the bond-bending frecpiencies 950 and 1628 
cm~^; in CII 3 CI the corresponding frequencies are 2966, 3043, and 1355, 1453 cm“^. 

If there are Jour equivalent honda in a molecule there will be four vibrations of similar magnitude 
in which chiefly these l>onds are stretched, and in addition sevend Ixniding vibrations whose number 
depends on the numlier of independent bond angle's. For example, in O2H4 or H 2 C=C==CH 2 , in 
consequence of the coupling, eacih vibration of the CHa group Jilono (see above) splits into two. In 
C 2 H 4 one is symmetric and the other antisymmetric with resiroct to the center of symmetry. Thus 
the three pairs of vibrations vi == 3019 and ru = 2989, vb = 3272 and pq = 3106, ps = 1342 and 
Pii ~ 1444 of C 2 H 4 (see Fig. 44) are accounted for, the first four as C — H strctdiing, the last two as 
CHa bending vibrations. In addition there are, of cour.se, Ijending vilx'ations in which the whole 
CHa group is bent against the C — C axis and whicli can bes dealt with in a similar way. 

As has been mentioned, the simple considerations given above can only be ap- 
plied to bonds involving end atoms like H whose mass is small compared to the other 

This should irot be confused with the designation tt and <r vibrations used by some authors who 
let TT stand for i)arallel, <r for perpendicular to the axis of symmetry. 

It may be noted that in the antisymmetric C — U stretclnng vibration of H 2 CO the H atoms 
need not move exactly in the C — H dii'oction as they do in free H 2 C, since the vibration is not 
comi>letely determined by symmeti’y. 
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atoms. Fig. 60b and c shows clearly that if the latter condition is not fulfilled the 
two totally symmetric vibrations vi and vz of bent XY 2 can no longer be considered 
as bond-stretching only and bond-bending only respectively; or, at least, it would 
be a very poor approximation to do so even though the assumption of valence forces 
is a good approximation {vs is still strictly a bond-stretching vibration). Cross and 
Van Vleck (250) have shown that in a bent XYZ molecule, if X and Z are sufficiently 
different, we may again with more justification distinguish one bending and two 
stretching vibrations. This is shown for the three-particle system CHs- CH^- Cl by 
Fig. 62 taken from Cross and Van Vleck’s paper. It is seen that vz is essentially a 
(CH 3 ) — (CH 2 ) stretching vibration, vi a C— Cl stretching vibration and ^3 a- bending 
vibration. 

Apart from the end atoms discussed up to now, experiment shows in many cases 
that bonds involving two heavier atoms have characteristic frequencies even if none of 
them are end atoms (see Table 51). This fact was first explained by Bartholomd and 
Teller (124) Csee also Bartholomd (120) and Bauermeister and Weizel (129)]. They 
consider a chain of nearly equally heavy mass points connected by springs of very 
different stiffness. Suppose n®, are the frequencies with which each pair of par- 
ticles connected by a spring wohld oscillate if the other particles were not present. 
Then calculation shows that frequencies in the neighborhood of vi^, are normal 
frequencies of this system. This is plausible because if, say, ri® is excited the par- 
ticles other than those directly affected will not move appreciably since they are 
bound by springs of different stiffness. It is as if the propagation of the oscillation 
in the system were strongly damped. Therefore the actual normal frequency is 
only slightly changed compared to v-^. Similar considerations hold for the other 
frequencies. Thus we again obtain characteristic frequencies for the different bonds. 
However, this conclusion is basfed on the assumption that the force constants of different 
bonds are different when the masses are of a similar magnit ude. Therefore in a molecule 

\ I \ I / 

containing, for example, — C — C — 0 — or — C — C — N^, we would not expect a 
vibration characteristic for each bond since the masses as well as the force constants 

. ■ . . \ I 

are of about the same magnitude; whereas in a molecule containing — C — C===0, 


there would be a characteristic frequency for each 


of C— C, C=0, C=N, or C^N. 

On the other hand, if the force constants in a chainlikc molecule arc of similar 
magnitude but the masses quite different, there will again be characteristic group fre- 
quencies, as we have seen above 'for the C — H group and similar groups, and as is 
also true for C — Cl, C — Br, and others (see Table 51), as long as the characteristic 
frequencies are far apart from one another. 

How well the characteristic frequencies are defined depends also on tlie angle 
between successive bonds in the chain of atoms. The above-mentioned authors have 
shown that if the angle is 90® there will be no transfer of vibrational energy from 
one bond to the next, and thus the characteristic frequencies are best defined. In 
the case of the bond-bending frequencies the chance that in a molecule there is 
another frequency (which need not be a bending frequency) of a similar magnitude 
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is much larger than for the bond-stretching frequencies and thus the bending frequen- 
cies are often not very characteristic. 

In case a chainlike molecule of the above type has two or more equivalent bonds, 
there will again be a resonance which leads to a splitting of the characteristic frequency, 
and again the stronger the coupling between the two equivalent bonds the larger is 
this splitting. For example, in diacetylene H — C=C — C^C — H, the C=C stretch- 
ing vibration which has the frequency 1974 cni"“^ in C 2 H 2 splits into two frequencies 
2023 and 2183 cni“^- or in (CN )2 the C^N frequency, which is 2089 cm-i in HCN, 
splits into the two frequencies 2149 and 2322 cm-K If there are more than two 
equivalent bonds, there will be a splitting into correspondingly more different fre- 
quencies, and these frequencies will deviate increasingly from the frequency of a 
single such bond. Thus in a carbon-chain molecule (paraffin) there will be not one 
characteristic C — C frequency but as many frequencies as there are C — C bonds, 
and these will be distributed over a rather wide range if there are many C — C bonds. 
Some of them may be in the neighborhood of other group frequencies. Thus it would 
be difficult to ascribe particular frequencies in these molecules to the C — C bond, 
even though in C 2 H 6 and similar simple molecules such a C — C frequency does exist 
(see Table 51). 

In the ease oi long chain molecules, more detailed. I'ough predictions of the normal frequencies 
than those given by Bartholome and Teller (124) , on the basis of the known force constants, have been 
made by Thomas and Whitcomb (843), Kirkwood (507), Barriol (118), Whitcomb, Nielsen, and 
Thomas (922), and Pitzer (694). Such predictions are particularly important for the calculation of 
the thermodynamic properties of these molecules Csee Pitzer (694) and Chapter V, section 1]]. 

Summarizing the preceding discussion of characteristic group frequencies, we 
may say: Whenever a particular group, if separated from the rest of the molecule, has a 
vibrational frequency that differs sufficiently from any vibrational frequency of the rest 
of the molecule, then this frequency will occur only slightly changed in the whole molecule 
and will roughly correspond to vibrational motions in that group only, or if there are 
several equivalent groups to simultaneous motions in those groups. In symmetrical 
molecules the condition that the frequency be sufficiently different can be disregarded 
if the two vibrations, one of the group considered and one of the rest of the molecule, 
have different species. 

Under these conditions, it is possible to obtain rough values for, most of the fre- 
quencies of a molecule (particularly organic molecules) without actual observation, 
if the characteristic stretching and bending frequencies of the bonds occurring in 
the molecule are known [[see Mecke (610) (611)]]- While such predictions are quite 
rough they do not require any calculations (such as those described in the preceding- 
subsections, which supply much closer apijroximations to the actual frequencies' if 
the force constants are known)and are therefore exceedingly helpful in the analysis of 
observed vibrational spectra (see Chapter III). 

The limitations of this procedure should however always be kept in mind. A good 
illustration of these limitations is obtained if for a given set of force constants of a 
molecular model the frequencies are calculated for different values of the masses. 
The reisult for the plane vibrations of the X 2 CO molecule as calculated by Burkard 
(185) from the formulae (II, 214-218) for variable mx is plotted in Fig. 65a (with 
2a = llO'^, kx = 10, /C 2 = 4.45, hjl^- = 0.384, k/ fli = 0.25 X lO'"* dynes/cm). The 
totally symmetric vibrations vx, v->, v-^ (compare Fig. 24) a, re indicated by solid curves, 
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the antisymmetric vibrations Vi an'd by heavy broken curves. As was to be expected, 
no intersection of the curves representing vibrations of the same species occur while 
intersection of curves of different species do occur. As thin dotted lines are also 
indicated the curves for the vibrations vi, vz, vz, of free CXa and i^o of free 0=0 as- 
suming the same force constants. Both j/i(CX2) and *^3(0X2) intersect vo. But since 


my 



% of V 



Fig. 65. Characteristic group frequencies in X 2 CO as a function of the mass of X Cafter Burk- 
ard (18S)]. (a) Frequencies of the plane vibrations vi, vi, v^, v,u vt, as a function of mx- (b) Per- 

centage contribution of terms with ft|, *5, k^' to the potential ene rgy in j/,, v,, j-;,. — 'I'lio miiHS hciiIoh 

on the ordinate of (a) and the abscissae of (b) are proportional to Vl/mx. Thus the nia-ss inerciiHes 
toward the origin. The contribution of /cj' to the potential energy in vx is always less tluin 1.5% 
and therefore not shown. 


the X2CO vibration va resulting from has different species from the one re- 

sulting from I'o, it has throughout almost the same frequency as *^3(0X2) and may be 
considered as a characteristic CX2 frequency for any mass. However, on tine basis 
of the above general rule, when, ^1(0X2) and vo have tlie same value they arc; no longer 
characteristic group frequencies in the molecule. Rather a resonance o(!(*urs which 
leads in the complete molecule to quite different frequencies of vi and v-z. Thus, 
while for small as well as for large mx the vibrations vi and vz have characteristio 
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bond-frequency values, this is no longer the case in the intermediate mass region. At 
le same time it must be realized that while for small mx the vibration vi (that is 
the highest totally symmetric vibration) is a C—X vibration Capproaching 
see ug. 65a[], for large mx it is the C — O vibration (approaching j'o), while the 

reverse IS the case for ra. 

A change of mass may not only change a given vibration from one characteristic 
O ' one bond to ^ one characteristic of another bond as just discussed, but it may also 
change a bond-bending into a bond-stretching vibration and vice versa. Such, a 
change would occur in the case of the vibration V 2 and vs of X 2 CO for mx values smaller 
than one (which cannot be realized in practice). For such mx values vs (which for 
‘fnx > 1 is the CX 2 bending vibration) becomes the CO stretching vibration while 
^2 becomes the CX 2 bending vibration. A very similar change of character does occur 
foi realizable mass values, for example, for H 2 CX 2 [[see Wagner (908)], where the 
CH 2 bending vibration with increasing mx changes into the CX stretching vibration 
(see also the discussion of the methyl halides in Chapter III, section 3c). These 
examples may suffice to stress the importance of caution in using the concepts of 
bond-stretching and -bending vibrations. ^ Such caution is particularly necessary 
when the frequencies of vibrations of the same species are not very different. 

Another way of representing the change of character of vibrations is by plotting the fractional 
contnbut'ion of the different forces to the total potential energy in a given vibration [[see Burkard (185) 
and Wagner (908)]. This is done for the three vibrations vi, V 2 , vj, of X 2 CO in Fig. 65b. The four 
curves in each case give the contribution of the terms with the force constants ki, k- 2 , ks, and ks' 
respectively in the potential energy function (II, 213). It is seen that Pi for small mx is almost 100 
per cent C X stretching, since essentially only the term with k-^ contributes to the potential energy, 
while for large nix it is up to 85 per cent C — O stretching. The reverse holds for V 2 , although the 
percentages are not as high. For small as well as large mx there is about 25 per cent bending in V 2 - 
On the other hand the vibration vx, while predominantly bending, has up to 30 per cent stretching 
character. The vibrations v.i and rn (not shown in Fig. 65b) ar-e 100 per cent C — X stretching and 
whole-molecule-bending respectively for small mx- For large mx they mix up to the amount of 18 
per cent, since they are no longer so different in fi-equency. 


5. Anharmonicity and Interaction of Vibrations; Limitations of the 
Concept of Normal Vibrations 

As lias been stressed before, the concept of normal vibrations rests on the assump- 
tion of sufficiently small amplitudes of the oscillations (strictly speaking, infinitesimal 
amplitudes), when only the quadratic terms in the potential energy need be con- 
sidered. Actually the amplitudes of the quantized oscillations, though usually small, 
are by no means infinitesimal and therefore for accurate calculations cubic, quartic, 
and higher terms in the potential energy must be considered; in other words, actually 
the oscillations are anharmonic. 

(fl) Influence of anharmonicity for non-degenerate vibrations 

A simple potential surface. It is immediately clear that the potential energy 
always contains higher powers of the displacements than the second, since, just as 
for diatomic molecules,' for very large displacements the potential energy approaches 
a constant value (corresponding to the dissociation energy). The potential energy 
of a polyatomic molecule depends on 3N — 6 (or 3N — 5) coordinates and is there- 
fore much more difficult to visualize than it is for a diatomic molecule. Even for a 
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triatomic molecule we would, for a complete representation, have to consider a three- 
dimensional hypersurface in a four-dimensional space. However, if in a linear sym^ 
metric triatomic molecule XY2, for example, we neglect the possibility of bending 
(or in other words assume an infinitely large bending force constant) we can represent 
the potential energy as a two-dimensional surface in ordinary three-dimensional 
space. We may choose the two X — Y distances ri and r2 as the two independent 
coordinates on which the potential energy depends. Plotting, then, the potential 
energy for every point in the ri, plane we obtain a surface which is most easily 
visualized by means of a model, made for example of plaster of paris [see Goodeve 
( 387 )]. Fig. 66 a gives a photograph of such a model for CO2. Another way of 
representing such a potential surface is by means of contour lines, as in Fig. Geb.^” 
The potential surface of the electronic ground state of CO2, as of any other stable 
linear XY2 molecule, has a deep minimum at a point n = r2 = r^ corresponding to 
the equilibrium position. From this minimum the potential energy increases in all 
directions, that is, for any change of ri or r^ or both. For large rx or large r^ one has 
simply a Y atom and an XY molecule; that is, a cross section of the potential energy 
surface at large ri parallel to the r^ axis gives the potential curve of the XY molecule. 
Similarly, for large r2 a cross section parallel to the rx axis also gives the potential 
curve of the XY molecule. If both rx and r2 are large, a plateau is reached corre- 
sponding to the energy of the three atoms at great distance from one another. For 

In Fig. 66 the fact has been disregarded that the electronic ground state of CO 2 , since it is a 
singlet state, cannot dissociate into CO and O in their ground states [see Herzberg (431)]. 



Fig. 66. (a) 
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Fio. 66. ^ Potential surface of COa [[after Goodeve (387)3* (a) Photograph of a model, 

(b) Contour lines. — The numbers on. the horizontal lines in (a) and on tho curves in (b) are the 
l^otontial energies in kcal. The zero of energy is taken at tho minimum of the surface. 


small values of rx or r% or both, the potential surface rises very steeply, corresponding 
to the repulsion of the atoms. It is seen that there are two potential valleys” (corre- 
sponding to Y + XY and YX -|- Y) that lead to the deep hole corresponding to the 
stable XYa molecule. 

While near the equilibrium positions the potential surface (Fig. 66) can be ap- 
pro.ximated quite well by a paraboloid (which it would be exactly if the potential 
energy had only quadratic terms), it is obvious from the figure that this is no longer 
possible for larger amplitudes (compare also Fig. 45 of Molecular Spectra I for the 
diatomic case). 

The relative motions of the three atoms (always assuming that they remain on a 
straight line) con be represented by the motion of a single mass point (a small ball) 
under the action of gravity on the potential surface (considered as solid, as in Fig. 66a). 
It is immediately clear that if the ball is displaced from the minimum it will in general 
not describe a simple oscillation through the minimum but will carry out a Lissajous 
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motion except when the displacement is along the direction of the principal curvatures 
which, in the present case, from symmetry, are the lines CC and DD. Vibration of 
the ball along the former corresponds to the normal vibration vi (see Fig. 25b) for 
which always ri = r 2 , while vibration along the latter corresponds to vz for which 
Ari = — Ar2. 

It should be mentioned that, strictly speaking, the kinetic energy of the ball sliding on the surface 
will correspond accurately to the relative kinetic energy of the atoms in the molecule only if instead 
of rectangular coordinates in Fig. 66 oblique coordinates are used, and if the potential scale is so 
chosen that the surface is not very steep along the. path of the ball [[see Hirschfelder (452) and Glass- 
tone, Laidler, and Eyring (6) []- For the case of a molecule like CO 2 for which the three masses are 
nearly equal, the angle of the coordinate axes should be about 60°. For the above qualitative con- 
clusions this change is of no significance. 

Classical anharmonic motion. In the case of diatomic molecules the introduction 
of anharmonicity classically means simply a slightly different time dependence of 
the displacement, but the motion remains strictly periodic, although no longer har- 
monic (just as for a pendulum with large amplitudes). But for polyatomic molecules 
the change produced by the introduction of anharmonicity is more fundamental, 
since, if the potential energy contains higher than quadratic terms, the resolution of 
the vibrational motion into a number of simple motions, normal vibrations, in which all 
atoms move with the same frequency in straight lines, is no longer rigorously possible. 
Qualitatively this can easily be visualized' by considering the potential surface, 
Fig. 66b: while, as mentioned above, for small amplitudes the two normal vibrations 
v-i and Vz correspond to simple vibrations of the image point along CC or DD respec- 
tively, this is no longer the case for larger amplitudes. If, for example, the particle 
starts from rest at D, because of the lack of symmetry of the potential surface with 
respect to the line DD, it will start to move along the line DE (the line of greatest 
slope through D) and subsequently carry out a complicated Lissajous-type motion 
that will eventually fill the whole area of the potential surface whose potential energy 
is smaller than that at Z). If the particle starts from C, because of the symmetry 
of the potential function with respect to CC, it will carry out a simple vibration; but 
the slightest deviation of the starting point from CC will again lead to a complicated 
Lissajous motion. For an unsymmetrical (linear) molecule such a special case would 
not occur. For medium amplitudes, when the anharmonicities arc small, it is clear 
that if the particle starts say at F, it will at first at least approximately carry out a 
simple vibration along the line DD and only gradually will the Lissajous motion fill 
a larger and larger area about FF. The smaller the amplitude and the anharmonicities, 
the longer vyill be the time during which the motion is approximately a simple vibration. 

As previously (p. 73), the classical kinetic energy T is given by 

2T = S -b -h z-?), (11, 261) 

while the potential energy is now given by [compare equation (II, 26)] 

2F = S S kijqiQj -f S S 2/ fijfeQigiQk -p S 2/ S S aijufumam + • • - , (ii, 262) 

? i j h i } k I 

where, as previously, for abbreviation the qi are the Cartesian, displacement coordinates in the order 
Xu 2 / 1 , zi\ Xu yu zu •••. On transforming to normal coordinates by meaiiH of (II, 31) and nor- 
malizing to unity (see p, 75), we obtain for the total energy, instead of (II, 35), 

~ y + T + 172^ + 4- - - -) + X2772;^ + 

+ S S S aifkViViVk + S S S S PijktViVIVkVi + * * * ; (II, 263) 

i i k i f k l 
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that is, while there are no quadratic cross terms thei'e are cubic and higJier cross terms in the normal 
coordinates and the total energy is no longer that of a sum of independent (even though anharmonic) 
oscillators. In a completely unsymmetric molecule all coefficients otuk and jSjj&z would be different 
from zero, but in a symmetric molecule some of them may be equal to zero. This is because the 
potential energy must remain unchanged for all symmetry operations permitted by the point group 
of the molecule. For this reason the anti-s'ymmetric normal coordinates can only occur with even 
-powers in (II, 263 ). For example, for H2O the coeffieients «u3, q;i 23, 0:223, and 0:333 of the cubic terms 
must be zero since otherwise the potential energy would change by reflection at the plane of sym- 
metry, and similarly for some of the quartic terms. Further simplifications of the anharmonic part 
of the potential function can only be obtained if assumptions somewhat analogous to the valence 
force system (used in discussing the harmonic terms) are made [^see Redlich ( 727 ) 

In the harmonic oscillator approximation, the time dependence of the normal coordinates is 
given by [[see equation (II, 13 ) [] 

r\i = 771® cos (^TTVit ^i). (II, 264 ) 

In the case of slightly anharmonic vibrations, the normal coordinates may be expressed as a general- 
ized Fourier series which, for example for the first normal cooi-dinate 371 of a triatomic molecule, 
would be 

Vi — Tdoo cos ( 2 vpit -i- +37200 cos ( 2 ir 2 vit + +77300008 ( 2 Tr 3 »'i^ + ¥>i^®®) 

+ * • • + 77110 cos ( 27 ri'i< + <o+®) cos (2x1:2^ + V2*^®) + »7101 cos ( 2 ' 3 rx'i< + 

X cos ( 27 ri' 3 <. + + 77111 cos ( 27 ri'ii + ^i^^'') cos ( 2 x ^21 + <02^^^) cos (2xP3t + v® 3 ^^^) 

+ 77201 cos ( 2 v 2 vit + <pi^®^) cos (Jixvzt + <P 3 ®®^) + • * • . (II, 265 ) 

Here the amplitudes 77200, 17110, • • • are small compared to 77100- The <p are phase constants. Similar 
relations hold for 772 and 773. 

Energy levels. If cubic, quartic, and possibly higher terms are introduced into 
the wave equation (II, 40) in addition to the quadratic terms, it no longer resolves 
into a number of independent equations as it did when quadratic terms only were 
used. In consequence the energy is no longer a sum of independent terms corre- 
sponding to the different normal vibrations but contains cross terms containing the 
vibrational quantum numbers of two or more normal vibrations. Considering the well- 
known formula for the anharmonic vibrations of a diatomic molecule [see equation 
(III, 56) p. 100 of Molecular Spectra I], it is easy to guess the formula for a non- 
linear triatomic molecule having no degenerate vibrations. Using wave number 
units (cm~^) for the vibrational energy, we expect 

G{v\, Vi, vf) = (oi{vi + 1 ) + 072(^2 + I) 4 - oisiv^ + i~) + xiiCui + I)® 

+ XiiiVi + ly + X3^(t)s + 1 )^ +■ Xiiivi + f )(W 2 + 1 ) 

+ ^Cl3(^)^ + -|)(?73 + i) + xrsivi +- §)(y3 + 'I) + * ■ (II, 266) 

Here coi, C 02 , 003 are the frequencies (in cm“^) for infinitesimal amplitudes of the three 
normal vibrations (corresponding to coe for diatomic molecules) They are also 
called the zero-order frequencies. The Xik are the anharmonicity constants (corre- 
sponding to (OeXe of diatomic molecules), vi, Vi, vs are the vibrational quantum 
numbers corresponding to the three normal vibrations. 

The expression (II, 266) for the vibrational energy levels or its equivalent (II, 268) 
below has indeed been obtained by rather lengthy calculations on the basis of the 
old quantum theory by Born and Brody (170) and from the wave equation by 
Bonner (162), King (502), Shaffer and Nielsen (780), and Darling and Dennison 
(263). These authors have also found e.xpressions for the vibrational constants on 
and Xik in terms of the potential constants in (II, 262) [see also Shaffer and Newton 

In agreement with common practice the subscript e has been omitted. Some authors use 
others vi in i)lace of cjou stnd Xik place of Xi*. 
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(778)3- -A-s was to be expected, they found that the ca depend on the force constants 
kij only (in just the way previously discussed when anharmonicity was neglected) 
while the Xik depend on the coefficients of the cubic and quartic terms as well. In 
the case of non-linear XYa there are six anharmonic constants Xik but twelve cubic 
and quartic potential constantsJ^ The latter can therefore not be determined from 
the Xik unless the Xik have also been obtained for an isotopic molecule, or unless 
certain of the potential constants are assumed to be zero Qsee Redlich (727)3- How- 
ever, the interaction of vibration and rotation (see Chapter IV) supplies additional 
equations for the cubic constants which can be used for their determination even if no 
isotopic molecule is observed. In fact, this is the only method that has up to the 
present time been used, and then only for two eases: CO 2 CDennison (280)3 and H 2 O 
[^Darling and Dennison (263)3- 

Frequently the vibrational energy^ instead of being referred to the minimum of 
the potential surface as in (II, 266), is referred to the lowest vibrational state {vi — 0, 
^2 = 0, as = 0) which has an energy 

<7(0, 0, 0) = §^COl -f- J032 + -f- ^Xix -h ^X22 + ^Xzs + y:Ci2 + 3^13 + ix23 (II, 267) 

above the minimum {zero-point energy). We have then 

Go(vi, V2, Vs) = G(vi,, V2, Vs) — <7(0, 0, 0) = oiiVi + ut^vs ■+- C 03 W 3 

•+• xxxv\ + x%2V2 + -h 2 : 12 ^ 1^2 +■ x%vivs + xtsVsVs, (II, 268) 

where x% = Xik, as long as no powers higher than the second in the vibrational 
quantum numbers occur, and where 

OJl® = OJl + a^ii + -12:12 + 2^13, 

<02° = C02 + X 22 4- - 12:12 + ^X23, (II, 269) 

<03® ==<03+ 2:33 + -^2:13 + ^2:23, 

Thus the zero-order frequencies coi can immediately be obtained if the coefficients oof* 
and x^k in (II, 268) have been obtained from the empirical data.’^**- (Compare the 
example of H 2 O in Chapter III, section 3a). 

The observed fundamentals Vi correspond to the transition from a state with 

Vi = 1 to the one with = 0 where all other Vk = 0. Therefore, from (II, 268) 

and (II, 269), 

j'l = COl + 2:11 = COI + 22:11 + § 2:12 + ixis, 

Vz = <02 + X 22 = <02 + 2X22 + ^Xi2 + §2:23, (II, 270) 

Vs = <03 + X33 == <03 + 2X33 + 53:13 + ■ 2 '^ 23 - 

In determining the quadratic potential constants we have in the preceding section 
always used the observed fundamentals Vi. Strictly speaking, as is seen from the 
above, we should have used the frequencies for infinitesimal amplitudes coi (zero-order 
frequencies) which can be obtained from the Vi and the Xik according to (II, 270). 
Fortunately, in general, the Xik are small compared to the coi and therefore the use 
of the Vi in place of the <oi, which is often necessary because of lack of data, gives 

^2 j^ct-uaUy there are fifteen cubic and quartic potential constants but three of these do not 
influence the anharmonic constants Xik. 

Some authors use Xi in place of < 0 i® used here. 



INTERACTION OF VIBRATIONS 


207 


11, 5 

quite a fair approximation. However, one must not be surprised if small inconsis- 
tencies appear when the Vi are used. Usually most of the Xik are negative and there- 
fore, in general, is slightly larger than Vi, and coi is slightly larger than oj*®. 

As for diatomic molecules, the anharmonicities xik and therefore the differences 
between co,, coi®, and Vi are the largest for vibrations involving the motion of hydrogen 
atoms. As an example, the values of w*, ojj®, and Vi for H 2 O may be considered: 

wi = 3825.3, C 02 = 1653.9, W 3 = 3935.6; 

coi® = 3693.9, £02® = 1614.5, £ 03 ° = 3801.8; 

vi = 3651.7, V 2 = 1595.0, vg = 3755.8. 

In almost all other cases the differences are smaller, for vibrations not involving 
hydrogen considerably smaller. 



G7. Vibrational energy level diagram of H 2 O showing the influence of anharmonicity.-— 

'The luiavy broken lines indicate the jioHitionH that the levels would have if anharnionic terms were 
neglected. Not all levels up to 25000 are shown. Levels that are repeated in diifercnt seta 

are connected by light broken lin(.'s. 

In Fig. 67 the vibrational energy levels of .H 2 O are plotted (disregarding the reso- 
nance phenomenon to be discussed below) and compared to those obtained when 
anharmonicities ai*e neglected (broken lines). It will be noticed that, for example, 
since a:i 3 9 ^ 0 the series of levels with t\-} — 1 and vi = 0, 1, 2, • ■ • (fourth column) is 
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not obtained from the levels with W 3 == 0 and vi = 0 , 1 , 2 , • • • (first column) simply 
by shifting by a constant amount (equal to the first quantum of the vibration vz), 
and similarly in other cases. 

The generalization of the above formulae to the case of more than triatomic mole- 
cules (without degenerate vibrations) is obvious. We have 


G{vi, V 2 • • •) = + 2 ) + Z) Z) + i)(Ufc + i) + 


Go{Vx, V 2 • • •) = Z) + Z) Z3 ^ikViVk + • • •, 


COt® — COi ~1~ OUii ~f~ 2 ^ ! ^ilc “1“ ‘ * j 

h'P^i, 

Vi = coi® + Zii = coi + 2xii -|- J Z 

* k?^i 

where Xik == Xki and, if higher powers are neglected, x% = Xib. 


(11,271) 
(II, 272) 
(II, 273) 
(II, 274) 


In transforming the Schrodinger equation (II, 40) to normal coordinates, the expression 

1 /dV dV dW -o dV 

I - — :: + T — I 4- T — r 1 does not go over into JLi — — , as it did previously [_equation (II, 41) ], 

d^ft^ 

In such a case usually the operator 


+ 




mi \ dxi^ dy? dz^ 

if the displacements can no longer be considered as infinitesimal. 
method is used for setting up the wave equation Csee Rojansky (20)]; that is, one writes 


irV' = 


(II, 275) 


. where if is a differential operator, the so-called Hamiltonian, which for the general case of a poly- 
atomic molecule according to Darling and Dennison (263) is given by 

H = ^ S lA(,Pa — Pa)yapU~^iP^ — + i 2) H" V. (II, 276) 

, “P . k 


Here a and /3 stand for x, y, or a; Pa and pa are the operators corresponding to the components of 
the total angular momentum and the vibrational angular momentum (see p. 375) of the molecule 
in the direction of the axes of a coordinate system that has its origin at the center of mass, and that 
is rotating in such a way that the equilibrium positions of the nuclei are at rest with respect to it 
[[for more explicit expressions for P« and pa see Wilson and Howard (944) ]. The pk are the oper- 
ators corresponding to the linear momenta conjugate to the normal coordinates that is. 


h d 
^TTiJ^k 


(II, 277) 


The pxx, Pxy, • • • are related to the effective moments of inertia and products of inertia, more spe- 
cifically they are the elements of a determinant p that gives the relation between the angular momenta 
Pa ~ Pa and the angular velocities to*, co,,, Ws. 

In order to find the vibrational energy levels and eigenfunctions of the non-rotating molecule, 
one has to carry out a perturbation, calculation (see Molecular Spectra I, p. 30Sf.) in whi<^h the per- 
turbation function is the difference between the above general Hamiltonian (II, 27G) in which P*. 
Py, Pz have been put equal to zero, and the one implied in the previous wave equation (II, 41) for 
the harmonic oscillator approximation: 

HO == I- S Pk^ -h -I 2 (II, 278) 

This is essentially what the above-mentioned authors have done in deriving the energy formula 
(11,266). 

If in (II, 276) the dependence of the paS, therefore of the moments of inertia, t)n the dis- 
placements (normal coordinates) is neglected, and if the coordinate axes are principal axes of inertia, 

it can be shown fairly easily [[see Wilson and Howard (944) ] that pxx ~ — , Pyy = , Pzz = — , 


Darling and Dennison’s Ha,miltonian is a slight modification of that originally given by Wilson 
and Howard (944). 
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while — 0 for a ^ jS. Here J,r, Ij,, Is are the principal moments of inertia. Therefore, and since 
then the determinant pt, is a constant, (II, 276) simplifies to 


„ (P. - - PyV , (Pz 

Jti == — r'l *i ^ *i 


2 / 0 , 


2/. 


21 


— 4 " 2 2 / p]? + V . 


(II, 279) 


Here again, if we disregard rotation, Px, jP?/, Pz must be put equal to zero. It may be noted, however, 
that other than in the classical theory (see above) we cannot put Pa — ^ « =0; that is, if there is 
a vibrational angular momentum, the molecule cannot be quite non-rotating. In the harmonic 
oscillator approximation a vibrational angular momentum can occur only for degenerate vibrations; 
but if anharmonicity, that is, interaction of the vibrations, is taken into account an angular mo- 
mentum exists in general also in the non-degenerate case, as the terms with px, py, Pz in the Hamil- 
tonian indicate. Physically this is related to the fact that the nuclei no longer move in straight lines 
corresponding to one normal coordinate (which has no angular momentum). For a triatomic non- 
linear molecule the vibrational angular momentum must obviously be perpendicular to the plane 
of the molecule (that is, px = Py =0). 


Vibrational eigenfunctions. In the harmonic oscillator approximation, the total 
vibrational eigenfunction is simply a product of oscillator eigenfunctions correspond- 
ing to the different normal coordinates [compare equation (II, 42)]. If the an- 
harmonicity is taken into account this is no longer the case, but we can write 

== c) + X(?ly ^2, " * * (H, 280) 


where % is the smaller compared to the product ^" 1^2 * • * the smaller the 

anharmonicity. 

As has been pointed out previously (p. 104), the vibrational eigenfunction \l/v in 
the non-degenerate case can only be symmetric or antisymmetric with respect to 
any of the symmetry operations permitted by the molecule irrespective of how large 
the anharmonicity [that is, x iii (II» 280)] is; or, in other words must belong to 
one of the possible symmetry types (see section 3d). It is immediately clear that 
for a given vibrational level the symmetry type of xpv must be the same as that of 
* • • in (II, 280). Therefore the symmetry type (species) of the an- 
harmonic levels is obtained simply by determining in the previously described way the 
symmetry type of the corresponding harmonic levels. 


It is usehil to try to visualize thc/orm of the eioimfunction \//r- If only on© vibration vi is excited, 
that is, if oixly n is different from zero, the eigenfunction depends not only on but also on all the 
other normal coordinates as in the harmonic case (see p. 79), but not in as simple a way. Here, 
unlike the harmonic case, such a dependence exists oven when the zero-point motion of the other 
normal vibrations is neglected, and is the wave mechanical analogue of the classical fact that a 
Lissajous motion takes i)lace. However, in order to get a rough picture of the eigenfunction let us 
for a moment consider the dependence on only, assximing all the other ^ to be equal to zero (that 
is, let us, for example, consider the variation of the eigenfunction along CC or DD in Fig. 66b). In 
the case of a totally syniTnetric normal coordinate (for example, along CC in Fig. 66b), the course of 
the function would be very similar to the vibrational oigenfun(*.tion of a diatomic molecule (see 
Fig. 47, p, 101 of Molecular Spectra I) ; that is, it is slightly unsymmetrieal with respect to the origin, 
== 0, the maxima on one side l>eing higlier than on the other. On the other hand, for a normal 
coordinate that is antisym/rrietidc witli respect to at least one symmetry operation (for example DD in 
Fig. 66h), d'v IB an even function of for even Vi and an odd furu’ttion of for odd vi, since, when 
the symmetry operation is carried out, goes over into — wliile remains unchanged (is sym- 
metric) for even Vi and changes sign (is antisymmetric) for odd ih (see p. 101), Thus in this case 
is not an unsymmetrically but a symmeti-ically distorted Hormite function (see Fig. 29) ; that is, 
the zero points remain symmetrically placed with respect to == 0 and the height of corresponding 
maxima and minima is the same for positive and negative The dependence of on the other 
normal coordinates will again bo similar to the harmonic case (see p. 79f.), that is, will be represented 
mainly by a Gauas-error type of f unction but somewhat distorted and possibly with small additional 
humps and maxima. 
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(6) Influence of anharmonicity for (non-acddentally) degenerate vibrations 

For the degenerate vibrations of molecules with more than two-fold axes, two 
additional points have to be considered: (1) For a di-foldly degenerate vibration vi 
the energy de-pends on Vi + (di/2) rather than on V{ + J as it does for a non-degenerate 
vibration, for which di = 1 (see section 2 for, the harmonic case).^ (2). Certain energy 
levels that coincide in the harmonic oscillator approximation split into a number of levels 

when the anharmonicity is taken into account. 

As we have emphasized previously, the symmetry types of the vibrational levels 
are the same no matter whether the oscillations are harmonic or anharmonic; for 
example, the state in which a doubly degenerate vibration is excited with v = 1 
remains doubly degenerate even if the potential is anharmonic. In the harmonic 
case, if a degenerate vibration is excited by several quanta, or if several degeneiate 
vibrations are excited, a state arises with a degeneracy higher than that of any one 
of the component vibrations; if on the other hand anharmonicity is taken into ac- 
count, in general, this high degeneracy does not remain but a splitting occurs into 
just those substates that were obtained earlier from group theory (Tables 32 and 33). 
This is because, as has been shown in more detail by Tisza (867), an accidental 
degeneracy occurring in a certain approximation is always removed in a highei ap- 
proximation and only the necessary degeneracies required by the point group of the 
molecule remain. This holds rigorously as long as the rotation of the molecule is 
neglected (for the interaction with the rotation see Chaptei IV). 

On the basis of the above general theorem it is, for example, immediately 
concluded that the assertion made in a .recent publication cannot be correct, 
that in SiH 4 , assuming tetrahedral symmetry, the state in which the doubly de- 
generate vibration vz is singly excited is split into two levels of slightly diffeient 
energy even without rotation, on account of anharmonic terms in the potential energy. 
Conversely, if the doubling were experimentally established it would prove that 
SiH 4 is not tetrahedral in its equilibrium position. This example illustrates the un- 
portance of taking symmetry considerations into account in dealing with syin metrical 
polyatomic molecules. 


General energy formula for the case of doubly degenerate vibrations. On tlie 
basis of the wave equation the following general formula is obtained for the vibrational 
energy levels of a molecule with doubly degenerate vibrations [see Nielsen (666)]: 

G(vi, vz, vz, • • ■) ^ ^ 

+ E L (11,281) 

i 



In this equation di — 1 or 2 depending whether i refers to a non-degenerate or doubly 
degenerate vibration. The h are the previously introduced integral numbers (see 
p. 81) which assume the values 

U = Vi, Vi — 2, ft — 4, 1 or 0. (II, 282) 

For non-degenerate vibrations k = 0 and gn, = 0. The last term in (II, 281), in 
which the gik are small constants of the order of the Xi*, gives a number of different 
sublevels when one or more degenerate vibrations are excited with Vi > 1 . However, 
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foi-muia. (II, 281) gives iu general a splitting into fewer levels than the previous grouv) 
theoretical results (Tables 32 and 33) would indicate. This is due to the fact that, in 
the approximation in which (II, 281) has been derived, to every U correspond two 
levels of the same energy (see p. 81), whereas according to the previous considera- 
tions of symmetry for certain U values two non-degenerate states are obtained, and 
at any rate no more than two-fold degeneracies can occur except for the cubic point 
groups. For example, if two doubly degenerate vibrations are singly excited, one 
four-foldly degenerate state is obtained from (II, 281), while according to Table 33 
two doubly degenerate states or one doubly degenerate and two non-degenerate 
states or four non-degenerate states (depending on the point group) result. 

Thus in higher approximation many of the levels given by (II, 281) will split still 
further. Explicit formulae for this additional splitting have not been given. How- 
ever, it appears quite possible that it is of the same order as the Z-splitting given by 
the third and fourth term in (II, 281). 

The zero-point energy in the present case is, according to (II, 281), 


0 ( 0 , 0 , 0 , ...) 


V~' 1 V"* didjc 

2.^ Wi — 2-.0 2 .- ^ik ~~7~ + 

i ^ i k^i ^ 


(11, 283) 


If the vibrational energy is referred to the lowest level one obtains, similar to (II, 272), 
Go(vi, «;2 ■ • •) = Wi^Vi + x%ViPh -V 23 Qiklih + • • •, (II, 284) 

i i k^i i k^i 

ojS — 03i 4" Xiidi -f- Xikdk 4- ■ • • • (II, 285) 

k^i 

Xih if higher powers are neglected. Also we obtain for the funda- 
cvf’ 4" X'ii + ga = coi -j- a:.i:,(l -j- df) 4" XI ^ikdu -f- ga, (II, 286) 

k 9^ % 

where, as previously, xik = Xki. 

Application to linear molecules. In the case of linear molecules, as long as only 
one degenerate vibration (always of species H) is excited, li is an exactly defined 
quantum number, h = 0, 1, 2, 3, • • *, representing the vibrational angular momen- 
tum about the symmetry axis and corresponding to the species 2, 11, A, #, 

In this case, equation (II, 281) gives all the splittings. The levels with U 9 ^ 0 are 
necessarily degenerate (see p. 112). The energy levels are as given in the previous 
Fig. 52a. Such an energy-level diagram would always apply to triatomic linear 
molecules (XYZ or XYa), since they have only one degenerate vibration. For them, 
(II, 281) would simplify to 

(i(vi, V 2 , Vs, h) = wi(ri 4- 1) + o} 2 (v 2 4- 1) 4" «.i(r3 4- 1) + a:'u(*^i + 1)“ 

4* X 22 (V 2 4- 1)" 4" ^22^2^ + ^33(^3 4" l)"^ 

4- Xi 2 (vi 4- |)(r2 4- 1) 4" Xis(vi -}- -|)(r3 -}- f) 

+ X23(^>2 4" l)(i^3 4 i) 4" • * ’. (II, 287) 

For the case of linear symmetric XY 2 molecules, Adel and Dennison (37) [^see Denni- 
son (280) for a few corrections] have given formulae for the xue and {722 in terms of 
the cubic and quartic potential constants as well as the Wi and the moment of inertia. 


where 


and where = 
mentals, 

Vi = 
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Similar formulae for the linear XYZ molecule have been given by Adel (33) and 
Nielsen (654a). Actual values for the anharmonic constants Xih and ^22 of CO2 
and HCN as obtained from the observed infrared and Raman spectrum will be given 
in Chapter III. 

If two or more degenerate vibrations exist as in linear X2Y2 and are simultaneously 
excited, only the quantum number L of the resultant vibrational angular momentum about 
the axis is exactly defined but the individual are still approximately defined as angular 
momenta (similar to the X* of the electrons in diatomic molecules) and formula 
(II, 281) gives an approximation to the energy. However, the formula does not 
give a splitting of a level with given h values which is actually to be expected on 
the basis of group theory (see Table 33). For example, if in X2Y2 each of the 
two degenerate vibrations Vi and (see Fig. 64a) is singly excited, that is, for 
«;4 = 1, j;6 = 1, and Z4 = 1, Zs = 1, equation (II, 281) gives one energy value only, 
while on the basis of Table 33 the three states and result. In the 

approximation assumed in (II, 281), these three states are degenerate with one 
another; but taking account of the finer interaction of the vibrations will lead to a 
splitting (see also the next subsection). 

It can be shown [[see Wu and Kiang (963), and Shaffer and Nielsen (779)] that, 
for linear X2Y2, ^46 = 0, since the two degenerate vibrations have different species. 
Therefore the part of the energy formula (II, 281) depending on the U is simply 

gal^ + (II, 288) 

Wu and Kiang (963) and Shaffer and Nielsen (779) have given explicit formulae for 
the ga, ^56 as well as the Xik in this case in terms of the potential constants. 

As an illustration, Fig. 68 gives the lowest energy levels of the form ^4^4 + usvb 
according to (II, 281) with (II, 288). Levels that coincide according to these 
formulae but split in higher approximation are drawn separately but enclosed in 
brackets. 

Application to some non-linear molecules. The general formula (II, 281) has 
been shown to hold for plane and pyramidal XY3 molecules by Silver and Shaffer 
(790) and Shaffer (776) respectively, and for axial XYZ3 molecules by Shaffer (777). 
As in the previous cases, the calculations are based on the wave equation in the form 
(II, 276). The authors have given detailed formulae for the constants Xik and p,* 
in terms of the potential constants and the geometric data of the molecule. In 
these cases the Qik with i ^ k are not zero. 

In Fig. 69, which is similar to Fig. 68, the lowest vibrational levels corresponding 
to an excitation of the two degenerate vibrations of XY3 are represented. Again, 
in the approximation in which (II, 281) holds, some of the sublevels coincide that 
in higher approximation would have different energy. 

It should be mentioned that Silver and Shaffer also found an additional small 
term independent of Vi + dil2 in the vibrational energy. However, such a term 


Fig. 68. Vibrational levels + v^pb of linear XaYa taking anbarmonicity into account. — The 
figure is approximately to scale for C 2 H 2 . In order to avoid overcrowding of the lettering the sub- 
scripts g or u of the species are added in some cases only to one or a few of the levels of a group of 
given 2 ) 4 , vb for all of which they are the same. The formula used was Go = 603 b4 + 729.6?)6 -+- 9 j) 4 * 
— 13t>4»6 — O.Svs^ + 5 ^ 4 ® + 7ls^. The coefficients of Z 4 ® and Zb^ are entirely hypothetical. For the 
levels 1513 and 1511 the designations A, F and S"*", S~, A respectively were inadvertently omitted. 
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would be exceedingly difficult to establish experimentally- Omitting it as we have 
done in (II, 281) simply means referring the vibrational energy not to exactly the 
minimum of the potential energy but a very slightly higher or lower energy. 
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Tia, 69. Vibrational levels v^ps + v.\V 4 of pyramidal XYs taking anharmonicity into account*— 
The fundamentals chosen are approximately those of NHa (see Table 38) but the anhiirrnonioiti^s 
are entirely hypothetical. The following formula was used: Go = 3500^;, + IOOOmi + 2()vi^ 

+ 107 ) 4 ® + 25h^ + 15 ^ 3^4 + 20 ^ 4 ®. 
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It should be realized that in these cases, unlike the case of linear molecules, the 
k defined by (II, 282) do not in general represent the vibrational angular momenta 
about the symmetry axis. Rather, as we shall discuss in more detail in Chapter IV, 
section 2a, the vibrational angular momentum of a degenerate vibration Vi is l'i(A/27r), 
where is in general non-integral and has a magnitude smaller than one. 

(c) Accidental degeneracy, Fermi resonance 

Qualitative discussion. In a polyatomic molecule it may happen that two vi- 
brational levels belonging to different vibrations (or combinations of vibrations) may 
have nearly the same energy, that is, may be accidentally degenerate. As was first 
recognized by Fermi (322) in the case of CO2, such a “resonance” leads to a perturba- 
tion of the energy levels which is very similar to the vibrational perturbations of 
diatomic molecules (see Molecular Spectra I, p. 319f.). The only essential difference 
is that for diatomic molecules only vibrational levels of different electronic states can 
have nearly the same energy and thus perturb one another, whereas here two vibra- 
tional levels of the same electronic state can have the same energy and perturb each 
other. For example, in the case of CO2 the level == 0, ^2 == 2, = 0 has almost 

the same energy as the level vi = 1, ^3 = 0, V 3 = 0, since vi = 1337 and = 667 
cm-i (see Table 41). For diatomic molecules, the perturbation is due to the inter- 
action of vibration and electronic motion whereas here, for polyatomic molecules, 
the anharmonic terms in the potential energy, that is, the interactions between different 
vibrations are sufficient to produce a perturbation when two levels happen to lie very 
close together. 

As for diatomic molecules, the two vibrational levels that have in zero approxima- 
tion nearly the same energy “repel” each other and the actual levels do not follow 
accurately a formula of the type (II, 271) or (II, 281). Thus for CO2 one of the two 
above-mentioned levels is shifted up and the other down so that the separation of 
the two levels is much greater than expected. At the same time a mixing of the 
eigenfunctions of the two states occurs. The deviation of the energy values from the 
formula and the mixing of the eigenfunctions is the stronger the smaller is the zero 
approximation difference of energy. 

Mathematical formulation. In addition to depending, in an inverse W'ay, on the 
“original” energy difference of tlie two levels, the magnitude of the perturbation 
(repulsion) depends, as for diatomic molecules, on the value of the corresponding 
matrix element Wni of the perturbation f unction W : 

Wni = (II, 289) 

The perturbation function W is here essentially given by the anharmonic (cubic, 
quartic, • ■ •) terms in the potential energy,^'* while and i//i^ are the zero approxima- 
tion eigenfunctions of the two vibrational levels that perturb each other. Since W, 
as we have seen above, has the full symmetry of the molecule (is totally symmetric), 

must have the same symmetry type as in order to give a non-zero value to 
W ni and therefoi’e to the magnitude of the perturbation. [If \f/J* and yf/f* had 
different symmetry type, the integrand of (II, 289) would change for at least one 

Strictly speaking, it also includes the deviation of the kinetic energy operator [see equation 
(II, 276) 3 from the form it has in the zero approximation used. But the corresponding contributions 
to Wni are usually negligible for the perturbations here under consideration. 
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symmetry operation and therefore the integral would vanish.] Thus we have the 
important rule: Only vibrationcd levels of the same species can perturb one another, or, 
Fermi resonance can occur only between levels of the same species. This rule restricts 
very greatly the occurrence of vibrational perturbations (Fermi resonance) in 
symmetrical polyatomic molecules. 


If the resonance is fairly close the vmgnitvde of the shift can be obtained according to first-order 
perturbation theory (see texts on wave naechanics) from the secular determinant 


En° - E Wni 

Win JSi® - E 


(II, 290) 


where Ej? and are the unperturbed energies. From this equation one obtains for the perturbed 
energy E, since according to (II, 289) Win = W*i, 

E = Eni -t" 5®, (11,291) 

where Eni == § (-Ei° + En^) is the mean of the unperturbed levels and 5 = En° — Ef^ is the separation 
of the unperturbed levels.^® Formula (II, 291) shows that there is no perturbation if Wni = 0 and 
that, if 5 is very small — that is, if the resonance is very close — the shift is |PFntl up for one and down 
for the other level. If 5 is large compared to 2|TF„i|, we can expand (II, 291) into 


E = Eni ± 




(II, 292) 


which is essentially the same as one would obtain from second-order perturbation theory applied to 
each level separately. 

In Fig. 70 the position of the perturbed levels for a constant Wni and Eni is plotted as a function 
of 5, the separation of the unperturbed levels. The shift produced by the perturbation is given by 



Fig. 70. Perturbation of two energy levels as a function of the separation of the unperturbed 
levels. — The broken lines represent the positions of the unperturbed levels, the solid curves those 
of the perturbed (actual) levels. 


the separation of the heavy curve from the nearest of the broken lines (which represent the un- 
perturbed levels). The shift is largest for 3=0, that is, for exact resonance. 

The eigenfunctions of the two resulting states can be shown to be (from standard methods of 
perturbation theory) the following mixtui-es of the zero approximation eigenfunctions and 


^n = 

^i = + 0,\f/i^, 


(II, 293) 


Formula (II, 291) is seen to be identical with (V, 67) of Molecular Spectra I if it is noted 
that 6 in the latter is E Fn®, that is, is the energy above the lower of the two unperturbed levels. 
This was not clearly stated in Molecular Spectra I, p. 311. 
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where 


a — 


^ V4lPr, 


" + + g y ^ ^ ^ V4|Ty„i|3 + - g 


2-V4lPr„.-l2 + 3=^ 


)■ 


(II. 294) 


<- 

100 


\ 2-\l4\Wni[^ + sf^ 

If S = 0 we obtain a fifty-fifty mixture; if 5 is very large and 

It should be emphasized that the perturbations are due to the same anharmonic terms in the 
potential energy that cause the terms xtmvk in the energy formula. The latter are due to the 
integrated perturbing effect of a large number of vibrational levels of which each contributes a term 
\Wni^l5 as in (II, 292) whereas the former are due to the effetst of one level that is particularly close 
to the one considered. Also, the terms xikViVk are always calculated by using as zero approximation 
the harmonic oscillator levels and eigenfunctions whereas for the perturbations one may instead also 
use the levels given by (II, 271) or (II, 281) and the corresponding eigenfunctions, to be substituted 
in (II, 289) and (II, 291). 

In a way also the deviations of the characteristic group frequencies from their “normal” values 
in molecules containing sevei-al groups of similar frequencies may be considered as a special case of 
the vibrational perturbations, that is, if the “normal” values of these group frequencies are con- 
sidered as the zero approximation. Also in this case such deviations occur only if the two or more 
vibrations have the same species and are always in such a direction as if they were produced by a 
“repulsion” (compare the discussion on p. 200). 

Application to CO 2 and similar cases. As mentioned before, for CO 2 there is a 
very close resonance between the levels 1, 0, 0 and 0, 2, 0 since 2^2 happens to be 
very nearly equal to vi. The level 0, 2, 0 con- 
sists of two sublevels 0, 2*’, 0 and 0, 2^, 0 with 
h — Q and 2, which have the species 
According to the preceding discussion only the 
2^+ sublevel {h — 0) can perturb the 1, 0, 0 level 
which has the species 2 ^+ ^nd conversely it alone 
is perturbed by the 1, 0, 0 level. This is shown in 
Fig. 71. The separation of the two levels 1, 0, 0 
( = 1388.3 cm-i) and 0, 2», 0 ( = 1285.5 cm-i) is 
much larger than would have been expected on 
the basis of the value for i' 2 ( =667.3 cm~^). 

Similarly, of course, the splitting of the two sub- 
levels Z 2 = 0 and Z 2 = 2 of 0, 2, 0 is anomalously 
large (49.9 cm“^). In consequence of the strong 
perturbation, a strong mixing of the eigenfunc- 
tions of the two levels 1, 0, 0 and 0, 2®, 0 occurs 
so that the two observed levels can no longer be unambiguously designated as 
1, 0, 0 and 0, 2“, 0. Each actual level is a mixture of the two. Experimentally 
this mixing is evidenced by the occurrence of two strong Raman lines rather than 
one (see Chapter III). 

In consequence of the perturbation (resonance) between the levels 1, 0, 0 and 
0, 2*^, 0 of CO 2 , there are of course also perturbations between certain higher levels, 
for instance between 1, 0, 1 and 0, 2", 1 or between 1, l^, 0 and 0, 3\ 0 or between the 
three levels 2, 0®, 0; 1, 2", 0, and 0, 4", 0, and so on. A full discussion of these has 
been given by Adel and Dennison (37) Csee also Dennison (280), and Chapter III, 

p. 2753 . 

If the considerallons of p. 205 are applieti to liiiciur eymmetric XYa, it ia eaaily aeeii that the 
potential energy can only have the cubic tei-ma 
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Fia. 71. Fermi resonance in CO >. 
— The broken linos represent the un- 
perturbod levels which go over, on 
ac<!ount of the resonance, into the 
two levels to which the arrows point. 


ctinvi^ + cxiTiniivta + vlb> + 


(II, 295) 
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If this is substituted for W in. (II, 289) and if for the eigenfunctions and products of harmonic 
oscillator functions (II, 63) and (II, 58) are used, it follows that TFm, if n is a level + 1, vz, vg, 
and i is a level wi, vz + 2, 7 ) 3 , depends only on the potential constant 0 : 122 . None of the other cubic 
and none of the quartic terms gives a contribution. For the two levels 1, 0, 0 and 0, 2®, 0 one finds 

1Fioo,o2®o p ai22- (11,296) 

8 'v27r®c^coi^w2 

The value of Wni for all other corresponding pairs of levels differs from IFioo, o 2 ®o only by a con- 
stant factor. Therefore the separation of all the resonating pairs can be represented by the two 
constants: S (the unperturbed separation of the levels 1, 0,.:0 and 0, 2®, 0) and the interaction con- 
stant Wioo, o 2 ®o. The two constants are therefoi-e necessary in addition to the coj, Xi/e, and (722 of 
(II, 287) for a complete representation of the vibrational energy levels of a linear symmetric XY 2 
molecule such as CO 2 in which » 2v2* For CO 2 Dennison (280) obtained the values 5 == 16.7 cm~^ 
and TF’ioo,o2®o = 50.4 cm"^.^® 

A resonance phenomenon occurs also in a classical treatment of the vibrations. For example, 
for XY 2 during the perpendicular vibration vz there is a slight force in the X — Y direction which has 
a maximum value twice dming one period. This will lead to an excitation of the symmetrical oscilla- 
tion VI if its period is half as large as that of v^, that is, if 2»'2 = vi. Thus if at first only V 2 is excited, 
after a while only vt will be excited; and after a further interval only r 2 will be excited, and so on. 
The situation is much the same as for two coupled pendulums. The motion may be considered as 
the' superposition Of two stationary vibrations of somewhat different frequencies. 

If for a linear XY 2 molecule one had vi 3i'2 or 2v\ »=» 3v2, no perturbation would occur since 
none of the two sublevels of the state 0, 3, O with I 2 = 1 and 3 (11,* and '!>„ state resjiectively) has the 
same species as the states 1, 0, 0, or 2, 0, 0 which are states. 


Perturbations (Fermi resonances) similar to those observed for CO 2 have been 
found for a number of other molecules. They will be discussed briefly in Chapter 
III, when the vibrations of these molecules are considered. In all these cases a 
fundamental Vi has nearly the same frequency as a first overtone, 2vh of another 
vibration, or as a binary combination p* -j- vi of two other vibrations. The mathe- 
matical treatment is very similar to that for XY 2 molecules. As above, such per- 
turbations are only possible when the fundamental vi has the same species as one of 
the sublevels of 2vk or Vk + vi. 


Application to H2O. A somewhat different perturbation has been found to occur 
for H 2 O by Darling and Dennison (263) and is probably of importance also for many 
other molecules. For H 2 O the two vibrations vi and vz have a similar magnitude 
(3652 and 3756 cm~^) but cannot perturb each other since they have different species. 
However, the two first overtones 2vx and 2vz have the same species (Ai) and therefore 
can perturb each other or, more generally, any state vx, vz, vz with vi > 2 is perturbed 
by a state vx — 2, v^, vz + 2. The recognition of this effect by Darling and Dennison 
(263) has first led to a satisfactory analysis of the vibration spectrum of H 2 O (see 
Chapter III). 

The essential difference from the case of CO 2 is that here the matrix element Wni would be zero 
if only cubic terms of the potential energy were taken into account and harmonic oscillator functions 
were used for t^„® and However, the quartic terms of the potential with harmonic oscillator 

functions and the cubic terms with anharmonic oscillator functions give each a contribution. Dai-ling 


™ Our TFioot 02 ®o is Dennison’s — p . His constant h cori’esponds to oim 0:122 for a certain choice 

•V2 

of dimensionless normal coordinates. 
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and Dennison have shown thal, ^ 

^3+2 = iy^viivi — l)(-iis + l)(rj +.2), (11,297) 

where y depends on the potential constants only. 

While the energy levels for which no ijerturbation occurs are given by (II, 271) those for which 
a perturbation occurs are determined by (II, 290) or (II, 291) in which^?„« and ^^^Oare the unperturbed 
energies as obtained from (II, 271) and W,u- is given by (II, 297). Thus there is one more constant 
(7) necessary to represent the observed energy levels than there would be if no resonance occurred 
(see also Chapter III, p. 282). 

A very similar perturbation is to be expected for C2H2, since here also n and vz have a very 
similai magnitude (vi = 3374 and vz ~ 3287) but have diffei'ent species, so that only pairs of levels 
wi, ■B2, Vz, Vi, Vz and — 2, vz, vz + 2, r-i, tis can perturb each other. The matrix element would be 
of the same form as for H2O [[equation (II, 297) 3- Calculations on this basis have not been carried 
out, but it seems certain that they would clear up certain discrepancies which have been found in 
the analysis of the C2H2 vibration spectrum Csee Herzberg and Spinks (441) and Wu and Kiang 
(963) (961) 3. Similar perturbations will also occur for many other molecules, but for very few ai’e 
the available data sufficient to cany out a detailed calculation. 

In higher approximations perturbations between levels with still greater differences in quantum 
numbers are possible. But for such pairs higher and higher terms in the potential function would be 
involved so that the magnitude of the perturbations for the same unperturbed separation would be 
smaller and smaller. However, it must be realized that the different potential constants, ank or 
l3ifki and so on in (II, 263), may have very different magnitude, as has actually been found for CO 2 
[[see Dennison (280)3, and therefore the effects of certain high-order potential constants may bo 
comparable to those of lower order. 


splitting of the Zj degeneracy. It has been mentioned before (see p. 211 ) that 
the degeneracy of levels with the same U values is not always a necessary degeneracy. 
In cases where it is not it will be removed when other levels of the same species are in 
the neighborhood of the one considered. For example, in a pyramidal XY3 molecule 
the level in which the degenerate vibration vz is excited with vz = 3 , according to 
(II, 281) consists of two slightly different sublevels with h = 3 and Za = 1 . How- 
ever, while the sublevel h = 1 has the species E, the sublevel Z3 « 3 has Ax + A% 
(see Fig. 69), that is, is not necessarily degenerate and will split if another level of 
species Ax (or Af) is in the neighborhood. Actually for molecules like NH3 the 
vibration vx of type Ax has a very similar frequency to 1^3 and therefore the level 
vx + 2vz is in resonance with 3 ^ 3 . The former has sublevels of species Ax (h = 0) 
and E(lz = 2 ). The first of these can interact with the Ax sublevel of 3^3 but not 
with A 2 and therefore the sublevel I 3 — 3 of Srs will split into two fairly widely sepa- 
rated levels. The separation would be expected to be of the same order as, or even 
greater than, the separation of the sublevels with different Z 3 . 

Since in other cases a suitable perturbing level is bound to be somewhere, even 
though it may be at a fairly large distance from the one considered, the U degeneracy 
is always split, as has been indicated in Figs. 68 and 69. But the splitting is very 
slight if the perturbing state is not fairly close. 

The preceding considerations show that the general formulae (II, 271) and (II, 281) 
can he expected to give an accurate representation of the vibrational levels of a polyatomic 
molecule only if no resonances between levels of the same species occur. It is clear that 
the more atoms a molecule contains the less likely it is to be free from such resonances, 
even for the lower vibrational levels. Thus the formulae mentioned must be applied 
with caution. 
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(d) Several potential minima 

General remarks. It happens frequently that the potential function of ^i ven 
system of atoms has more than one minimum, that is, that there is more one 

equilibrium position. If these minima have different energy and if the pof.e«tha 
function in their neighborhood has different shapes, the minima correspond ho fPiffvr- 
ent isomers of the molecule considered, which in general can be separated chei*^**’*^py 
from one another (for example, CH3CN and CH3NC, cis- and trans-C2H2Cl2) * ^ 

most practical purposes and particularly for the consideration of their 
levels they can be considered separately as different molecules, except wlioii the 
barrier separating the minima is very low (as is the case for molecules like Ca I 
see Chapter III, section 3 f). However, when the potential minima are ident'tr'tr^ w 
height and in shape the situation is rather different, because exact resonances of th<it 
energy levels corresponding to the two minima, and consequently splittings of fho 
energy levels may occur and it may be impossible to separate the different 

We have to distinguish two essentially different cases: 

(1) All non-planar molecules irrespective of whether or not they contain 

atoms have two identical potential minima corresponding to the two equilibrium ‘po^tt ions 
of the nuclei that result from an inversion of all nuclei at the center of mass. THc5S<’: twf> 
configurations cannot be transformed into each other by simple rotations of the whole 
molecule. The energy levels corresponding to the two configurations are alwn,yH in 
exact resonance and therefore, in consequence of the tunnel effect, a splitting hito 
two energy levels, usually very close together, takes place. This is what was 1 previ- 
ously (p. 27 ) called inversion doubling. For example, for pyramidal XY3 or for 
axial ZXY3, if the Y atoms are numbered Y^^\ Y^^\ by an inversion a coni if? ora- 
tion is obtained that cannot be obtained by rotations. To be sure, in the cuHOfi 
mentioned the configuration obtained by inversion, because of the identity of hHe Y 
atoms, cannot actually be distinguished from the original one. Only if the Y sxhottm 
are actually different would that be possible. This is the case for optical 
the simplest example of which would be a non-planar molecule WXYZ. But. in all 
cases the double degeneracy of all vibrational levels derived for one potentiri-l ntiini- 
mum exists and is split in higher approximation. For plane and linear ni<>I«»ouh*H 
an inversion can always be replaced by a rotation of the whole molecule and tlucti't^fcjre 
the double degeneracy of the vibrational levels and the inversion doubling tlo mtt 
exist (see also p. 27 ). 

(2) In all cases of molecules with identical atoms, when an exchange of these iclt -rt f iml 
atoms cannot he brought about by a rotation of the whole molecule, or by an inver.s £*> n , or 
both, two or more identical potential minima exist. Examples are molecules likt^ li iH*ar 

W\ /Y 

X — Y — Y (N2O), X2Y4 of point group Vj, (C2H4), X — X (ClBrC>=< 

\y 

X2Y6 of point group Dsr, or Dza (C2H6), non-axial WZXY3 (CH3OH). In ail these 
cases the exchange of the identical nuclei, that is, a transition from one pott'^iitinl 
minimum to another identical one, can be brought about by an internal rot: it ion, 
that is, a rotation of one part of the molecule against the other If the ici<*jitiral 
atoms have nuclei of the same mass, the vibrational levels in each miniruujiii (if 

"In molecules like symmetrical XY2 (linear or bent), XYj (planar or non-planar), or axial 
XYZ3, this type of identical potential minima obviously does not occur. 
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considered separately) will be the same; that is, there will be a degeneracy of each 
vibrational level of a degree equal to the number of identical minima. This de- 
generacy will be split in the actual molecule (see below). If the masses of the 
identical atoms are different the energy levels will be different in the two minima 
and no resonance will occur. In this case the situation is essentially the same as if 
the two atoms were different; that is, we have a number of isomers with slightly 
different properties and particularly a different spectrum, for example and 

yS. D. .H 

or 0==C and 0=C , and others. 

It should be noted that the degeneracy introduced by the identical potential 
minima is not included in the previous treatment of normal vibrations and their 
symmetry types. This was quite legitimate, since for a strictly quadratic potential 
energy a transition from one to the other potential minimum would be impossible. 

Inversion doubling in NH3 and similar molecules. The only case of inversion 
doubling that has been studied in considerable detail both experimentally and theo- 
retically is that of NH3. Here, assuming a pyramidal structure, if the N atom is 
moved through the H3 plane to an equivalent position on the other side an inverted 
configuration is obtained. If the potential energy is plotted as a function of the 
distance of the N atom from the H3 plane, a curve of the form given in Fig. 72a is 
obtained. Let us for a moment consider the one-dimensional motion of a single 
particle in a potential field of this form. Suppose the broken horizontal lines are 
the energy levels that one would obtain if one had two independent (identical) 
minima not connected by a potential hill (broken curves). Then in consequence of 
the resonance together with the perturbation, that is, deviation of the potential 
from the broken curves, a splitting of each degenerate level into two levels indicated 
by the full horizontal lines in Fig. 72a occurs. The splitting increases rapidly with 
increasing v. 

Because of the symmetry of the potential field the corresponding eigenfunctions 
must remain unchanged or can at most change sign for a reflection at the origin 
(x—^ — x). In a zero approximation, the two functions corresponding to a pair of 
levels are simply a symmetric and an antisymmetric combination 


^l/s = — a;) -f- i//„(xo + a:), 

rpa = ^v{Xo — X) — ^.„(.'Co + x) 


(II, 296) 


of the oscillator wave functions corresponding to each minimum, where ^ is 

the displacement from the minimum (counted positive toward the potential hill). 
These eigenfunctions are given for w = 0, 1, and 2 in Fig. 72b. It can be shown 
that the symmetric function always corresponds to the lower one of a pair of levels. 
The eigenfunctions tell us that there is an equal probability of finding the particle 
in the left and in the right bowl. Whereas in classical mechanics, once the particle 
is at the right with an energy lower than that of the hill it can never go over to the 
left bowl, in quantum mechanics after a certain length of time the particle will be 
found in the left bowl, that is, it will penetrate the potential hill (tunnel effect). The 

Sec, for example, the somewhat similar problem of the Ha'*" molecule as treated in Pauling 
and Wilson (IS). 
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average time it takes the particle to go from one side to the other (to penetra-to the 
hill) is inversely proportional to the energy difference of the two sublevels for a 
given V. (It is l/(2A(?c) if A(? is the energy difference in cm"^). 


r(<*nr’) 



Fig. 72. (a) Potential energy in a pyramidal XY 3 molecule as a function of the distance of the 

X atom from the Y3 plane; (b) Eigenfunctions for this case assuming one-dimensional oscillm.tioni* 
The splitting for 2 ? = 0 and 1 ia much exaggerated. 

The mutual interaction of the “right” and “left” energy levels, that iH, the 
magnitude of the doublet splitting, depends on the matrix element Wm defiiic^tj in 
(II, 289). It is clear that since the perturbation function is the deviation from the 
broken-line potential curves in Fig. 72a, Wni will increase very rapidly as tlio top 



5 INTERACTION OF VIBRATIONS 223 

of the potential hill is approachecL [^Calculatioiis show that it decreases expo- 
nentially as the area of the hill cut off by the energy level increases; see Dennison and 
Uhlenbeck (284).] Thus the doublet splitting and therefore the probability for the 
particle to go from one side to the other is exceedingly small for levels considerably 
below the top of the hill but quite large near the top. The doublet splitting increases 
further for the levels above the top until very far above the top it is equal to half 
the separation of successive unperturbed levels. In other words, far above the top 
of the hill we have again a simple series of levels with roughly half the spacing that 
one would have if there were only one minimum (see Fig. 72a). The eigenfunctions 
of these levels are alternately symmetric and antisymmetric with respect to reflection 
at the origin (positive and negative levels) similar to the successive levels of the 
-vibration v^ia^") of a plane XYs molecule (see Fig. 63 and Fig. 42b). 

In applying the above considerations to the actual energy levels of NHs and 
similar molecules, it must be realized that none of the normal modes is exactly a one- 
dimensional oscillation of the N atom against the H 3 plane. Father in each one of 
the four normal vibrations (see Fig. 45) the height of the pyramid is changed some- 
what, and the splitting of each vibrational level depends on the magnitude of this 
change in a way that can be roughly obtained from Fig. 72a by finding the potential 
energy change corresponding to the change of height and interpolating the splitting 
for this energy. The change of height is in first approximation zero for the two 
degenerate vibrations vz and 1 ^ 4 , and therefore one would expect the splitting to be 
almost independent of vz and U 4 (as long as they are small) But the change of 
height is different from zero, even in a first approximation, for the non-degenerate 
vibrations vi and ^ 2 , and therefore the splitting should increase fairly rapidly with 
increasing vx and V 2 . The change of height is by far the greatest for v^. 

These predictions are strikingly confirmed by the observations on NH3. The 
splitting of the ground state vx = 0 , = 0 , ^3 = 0 , ^4 == 0 is exceedingly small, 

amounting to only 0.66 cm-^; for the state «2 = 1 the splitting is 35 . 7 , for V 2 ~ 2 it is 
312.5 cm~i [see Dennison (280)], while for the state vi = 1 it is only 1 cm-’^ even 
though Vx = 3337 against V‘z = 950 cm“h For the perpendicular vibrations the 
observations are not yet accurate enough to detect small splittings under 1 cm“*^, but 
the splitting is certainly not much greater than in the lowest state. 

To a fairly good approximation the normal vibration v^ of NH3 is one in which 
only the distance of the N atom from the H3 plane is changed; that is, the energy 
levels of this vibration would be approximately those of a one-dimensional oscillator 
moving in a potential field of the form of Fig. 72a. Using a certain functional form 
of this potential, it is possible to determine the splitting of the vibrational levels 
ViVi as a function of the potential constants; or, conversely, /rom the observed splittings, 
the constants of this potential, in partic^dar the separation of the two minima and the 
height of the maximum., can be determined. Such calculations have been carried out 
by Morse and Stueckelberg (636), Dennison and Uhlenbeck (284), Eosen and Morse 
(742), Manning (599), and Wall and Glockler (911). It turns out that the resulting 
separation of the minima is almost independent of the particular form assumed for 
the potential. The height of the NH3 pyramid, which is one-half the separation of 

” For large »3 and Vi the fact has to be taken into account that an inversion can also be brought 
about by an internal rotation of an NHj group by 180®. While the potential hill for this rotation 
is expected to be much larger than the one discussed in the text, the change of angle for ph and p* 
will be relatively much larger than the change of height. 
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the minima, is thus found to be 0.38 X 10“® cm, which agrees very satisfactorily 
with the value 0.381 X 10~* cm obtained from the infrared rotation-vibration spec- 
trum (see Chapter IV, p. 439). The height of the potential hill, according to 
Manning (599), is 2076 cm~^; that is, the level 2^2 is just below its top and all higher 
levels of this vibration are above it. 

From the same potential function the splittings for NDg, ND2H, and NH2D 
may be calculated [^see Manning (599), Wall and Glockler (911), and Dennison 
(280)3 and they come out in satisfactory agreement with experiment. For ND3, 
for example, the calculated splittings for ^2 and 2^2 are 2.5 and 55 cm~^ while the 
observed values are 2.4 and 70 cm~^. The splitting is smaller than for NH3 because 
of the smaller energy above the minimum and the smaller tunnel effect due to the 
larger reduced mass.®® It has not yet been observed for the ground state of ND3. 
A number of levels above the maximum have been observed for ND3 [^see Table 
74, p. 2973 which agree well with the theoretical results of Manning (599) [[see also 
Dennison (280)3- The splitting for levels other than {^2^2 has not as yet been 
evaluated theoretically. 

For PH3, Sutherland, Lee and Wu (830) have found an inversion doubling of 2.4 
cm~^ for the state From this datum and an approximate value for the height 
of the pyramid (0.67 X 10~® cm) the height of the potential maximum is found to 
be of the same order as for NH3. The splitting for the ground state obtained on this 
basis is only 1.51 X 10“^ cm""^, which would be very difficult to observe directly. 

The average time for an inversion to take place is, according to the previous 
formula, 2.5 X 10~^^ and 1.1 X 10~^ sec. for NH3 and PH3 respectively (in their 
ground states). These values are respectively 700 and 3.3 X 10® times the periods 
of oscillation of ^2. 

The only other case of an observable inversion doubling seems to occur for the 
H2O2 molecule. Zumwalt and Gigu5re (977) have interpreted the observed doublet 
structure of a photographic infrared band of this molecule as due to an inversion 
doubling, assuming the model represented by Fig. 2a. In this case the inversion can 
be brought about by a torsion of the two OH groups about the O — O axis. However, 
their interpretation of the spectrum is admittedly not final. 


Optical isomers. The comparison of NH3 and PH3 shows how rapidly the time I'oquired for a 
switching over (an inversion) increases with increasing height of the potential hill and increasing, 
mass of the atoms concerned. For AsDs assuming a height of 0.75 X 10~® cm and a potential 
maximum of the same height as for NH3 a value of 1.5 X 10““ sec. would be obtained. It is therefore 
clear that with even heavier masses and greater potential hills, as for example in AsCla or BiCls, 
the time for one switching over will be many powers of ten larger, that is, of the order of hours or 
even years. As long as there are identical nuclei in the molecule, as in AsCh, the inverted form is 


indistinguishable from the non-inverted. 


But if all four atoms are different, as in Cl 




As 




I, the two 


Br 

forms would he distinguishable, for example by the fact that one would rotate the plane of polarization 
of light to the right, the other to the left. They would be optical isomers. While optical isomers 
of the pyramidal type have not as yet been found, similar isomers of tetrahedral type are well known. 


It may be noted that in going through the potential hill the center of mass must be conserved. 
Therefore the H or D atoms are displaced more than the N atom, the motion corresponding to that 
of a single particle in the potential field of Fig. 72a with a reduced mass equal to that applying to 

the vibration va in a plane XY3 molecule f that is the factor my /( 1 + in (II, 210) "I . 

L / \ m.x / J 
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namely carbon compounds with four different substituents. Here, in order to transform one molecule 
into the inverted form, one has to twist one part of the molecule against the other until two sub- 
stituents are exchanged* The potential hill that has to be surmounted is very large, particularly if 
the substituents are large groups; the tunnel eifect is correspondingly extremely slight. One can 
estimate [see Hund (465)] that the time that it would take the free molecule to switch over by 
means of tunneling may be as high as 10® years. Thus it is possible to understand that there are 
bacteria that eat only one of the two forms (the right or left one) of a certain carbon compound. 
The asymmetric molecules that must be present in these bacteria have not switched over to the 
opposite configuration since the particular genus came into existence. 

Torsional oscillations* The only cases of identical potential minima, produced by 
identity of atoms in the molecule, that have been discussed in greater detail are those 
involving torsional oscillations.^^ For example, in C 2 H 4 the potential energy, plotted 
as a function of the angle % of relative rotation of the two CH 2 groups against each 
other, has two identical minima as shown in Fig. 73a. Similarly, in C 2 H 0 and 




Pig. 73. Potential energy as a function of the angle of torsion in C 2 H 4 - and C-iHc-like molecules 
and energy levels of the torsion oscillation (qualitative).-— The energy levels are shown only where 
the kinetic energy is positive. But it must be realized that the eigenfunctions have non-zero (even 
though small) values also when the potential energy is greater than the total energy (under the 
potential barriers). 


CH3OH, the potential energy has obviously three identical minima if plotted as a 
function of the angle of torsion (Fig. 73b). We have, for C 2 H 4 , for the potential 
energy F: 

V(x) = V(x + tt) (II, 299) 

The xisually observed inversion is due to thermal collisions. 

One case that does not involve torsion has rceontly been discussed by Glockler and Evans 
(371) on the basis of the data of Buswell, Maycock, and Rodobush (187), namely the linear 
ion in which there appear to be two equilibrium positions for the proton, leading to a doubling of 
the energy levels. However, the experimental evidence appears to bo somewhat ambiguous Qseo 
Ketelaar (499)3. 
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and for C2H6, CH3OH, and similar cases, 

V(x) = V(x ± j>r). < 11 , 300 ) 

If, as in the examples, the nuclei of the identical atoms have the same rtiitss, the 
energy levels corresponding to the identical minima are in zero approximation the 
same; that is, we have in the above cases a two- and three-fold degeneracy rcHjxJC- 
tively. This degeneracy is split, at least partially, if the deviation from a strictly 
parabolic potential curve, or in other words the passage through the potential barrier, 
is considered. Then for C2H4 and similar molecules each level of the torsion oscillation 
Viidii) is split into two sublevels. For CzHe, CH3OH, and similar molecules, there is 
also a splitting into two sublevels but one of these is doubly degenerate l^see Wilson (938) 
and Koehler and Dennison (517)3. The degenerate sublevel is alternately tbe upper 
and lower one. The splittings ard shown schematically in Fig. 73. As in t;lie case 
of inversion doubling, the magnitude of the splitting increases rapidly with increasi ng 
vibrational quantum number vt of the torsion oscillation. But it is in general not 
negligible even for vt = 0. For example, for CH3OH it is 1.5 cm-h Unlike the 
inversion doubling in NH3, here the energy levels above the potential maximum do 
not go over into those of an oscillator but into those of a rotator corresponding to 
the free rotation of the two groups against each other. This transition will be taken 
up in somewhat more detail in Chapter IV, section 5. It must also be empbiiHizecl 
that the splittings indicated hold only for K = 0. There is a strong dependence t>n 
the rotational quantum number K (see Chapter IV) . 


It may be pointed out that in C 2 H 4 , for example, in addition to the two identioiil potentin.1 
mentioned (Fig. 73a) there are also a number of others, for instance that obtained by an oxi'hnnKO 
of the two C atoms, which could be obtained by rotating the C=C groxip with respect to t.lxe of 

the molecule. However, the potential hill in this case and many similar cases is so high that, fcho 
ensuing splitting is entirely negligible. 

For the potential function in the case of the torsional oscillations involving n 
identical potential minima, a cosine form is usually assumed, that is, 


F = iFod - coswx), (11,301) 

where Fo is the height of the potential hill separating the minima and n is the irumher 
of minima. The energy levels corresponding to this potential function cauuot be 
represented by a closed analytical expression except the lower levels in the cu«e of a 
high potential barrier, that is, when essentially the presence of more than oue iio- 

tential imnimum is disregarded. In this case we have a harmonic oscillatoi' with 
the energy levels 

Givt) = -f h). (II, 302) 

Here the torsional frequency wt, as can easily be seen, is determined by 




V 0 A. I A 
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7 


(II, 303 ) 


where Ai^ and M the rotational constants corresponding to the inomeutK of 
inertia 7^ and 7^ of the two parts that carry out the torsional motion with respect 

rotational constant corresponding to the moment of 
aK Ia + Ia) of the whole molecule about the axis of torsion, and wluvro 
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To is in cm~^- For molecules such as C2H4 and CaHe with two identical parts, the 
relation (II, 303) reduces to 

= 2n^lVoA. (II, 304) 

For the energy levels in intermediate cases we refer to the work of Nielsen (661), 
Teller and Weigert (838), Howard (461), Koehler and Dennison (517), and the graph- 
ical representations in Chapter IV, Figs. 165 and 166. More complicated cases with 
several groups carrying out a torsional motion (hindered rotation) have been discussed 
by Crawford (236) and Pitzer and Gwinn (698). 

While in principle it would be possible to obtain the height of the potential hill 
Fo (just as in the case of NH3 above) from the magnitude of the splitting of the levels 
of given vt on account of the tunnel effect, in all practical cases thus far this height 
has been obtained from the position of the levels of different vt. For example, for 
C2H4 one obtains Fo = 8700 cm“^ from (II, 304) with n = 2, cot — 825 cm“^ (see 
Table 92, p. 326) and A — 4.87 cm-^ (see Table 132, p. 437). On the basis of the 
exact relations for the energy levels of a cosine potential (not given here), Kistia- 
kowsky, Lacher, and Stitt (510) obtained Fo = 960 cm~^ for C2H6 and Koehler 
and Dennison (517) obtained Fo = 470 cm~’- for CH3OH. In the latter case 
Crawford (238), on the basis of thermal data (see Chapter V, section 1), obtained 
Fo = 1200 cm“^. (For further examples see Table 143 p. 520 and the accompanying- 
discussion). 

The value of the hindering potential Fo obtained from the observed energy levels 
depends considerably on the form of the assumed potential function. Thus Charlesby 
(196a), assuming a barrier of rectangular shape, obtained for C2HC on the basis of 
the same energy levels as used by Kistiakowsky, Lacher, and Stitt, the value 
Fo = 600 cm“^. If it were possible to observe the splitting of levels of a given Vt a 
valuable check on the shape of the potential function could be obtained. 

It should of course be realized that torsional oscillations may also occur when 
the potential minima are not identical. But few such cases have as yet been studied. 


6. Isotope Effect 

Introductory remarks. The investigation of the vibrational isotope effect is of 
even greater importance for polyatomic molecules than for diatomic molecules. 
Since isotopic molecules have the same electronic structure the potential function 
under the influence of which the nuclei are moving is the same to a very high order 
of approximation.^ But because of the difference in the masses the vibrational 
frequencies (levels) are different. Therefore the investigation of the vibrational fre- 
quencies of molecules isotopic with the one considered gives additional equations for 
the force constants. It will be remembered that the number of constants in the most 
general quadratic potential function is usually larger than the number of fundamental 
frequencies (see p. 1-59). Thus if only one isotopic species is observed not all the 
force constants can be evaluated unless simplifying assumptions are made. But 
with the help of the fundamental frequencies of one or more isotopic molecules a 

^ Strictly speaking, as for diatomic molecules, there may be a slight diiference when other 
electronic states are in the neighborhood of the one considered* But this hardly ever happens for 
the electronic ground state* 
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sufficient number of additional equations is in general obtained to determines nil 
constants in the most general (quadratic) potential function. 

In addition, the investigation of the isotope effect is invaluable in correlating the 
observed vibrational frequencies with the theoretical normal modes of a certain 
It is obvious that the isotope shift of a certain vibrational frequency will be very 
small when the atom which is replaced by its isotope moves very little in the pirr- 
ticular normal mode, whereas the shift will be relatively large when the &tom m 
question has a large amplitude in that normal mode. Thus, for example, for 
only one fundamental frequency, 732 cm-^ shows an appreciable isotope spUbtiiiK 
corresponding to CHgCF and CHaCF, It must therefore correspond essentially to 
the C — Cl vibration, a conclusion that is also quantitatively in agreement witli. the 


observed shift. 

Finally, by means of the (vibrational) isotope effect in certain cases informfx-tien 
about the geometrical structure may be obtained, since the relative amplitude of "vi I ora- 
tion of a certain nucleus (to be replaced by an isotope) depends on the geometrical 
arrangements of the nuclei. For example, the relative amplitude of the X atoiri in 
the antisymmetrical vibration of a symmetrical XYz molecule is large when, the 
molecule is linear and decreases to zero as the Y — X Y angle goes to zero. I he 
isotope shift produced by replacing X by an isotope therefore depends critically on 
the angle, which in turn can be determined from the observed shift. 

Up to the present time almost all isotope calculations have been based on tlie 
harmonic oscillator approximation, that is, on a strictly quadratic potential function. 
Therefore the formulae to be discussed in the following can be expected to hold 
rigorously only for the zero-order frequencies Wi [^see equations (II, 271) and (II, 2S1)3. 
Unfortunately there are only very few cases for which these on have been evalmthtMl 
from a complete vibrational analysis of the infrared and Raman spectra. Howoveu', 
since in general the anharmonic constants Xih are small, the observed fimdamentnls 
Vi represent fair approximations to the coi, and the isotope relations should hold for 
them at least to a certain approximation. 


Triatomic molecules. The normal frequencies of a non-linear synimetricii.1 t.ri- 
atomic molecule, assuming the most general quadratic potential function, are 
by the previous formulae (II, 124-126). These formulae can be applied only to 
those isotopic molecules that are also symmetrical; that is, in which the central siutaiii 
is replaced by an isotope, or in which both “end” atoms are replaced by the Hsiine 
isotope, or in which both these substitutions have been made (for example, H 
H20^®, D20^®). In this case we have /or the antisymmetric frequency v:t from 

(II, 124), 

^ / _ ^X^y(wx + sin^ a) 

^3 \ 053 / mx wiY^(wx + 2mY sih'* a) ’ ' ' * 

where the superscript (i) designates quantities referring to the isotopic molecules irntl 
where 053 has been used instead of vs in (II, 124) in order to emphasize that the formula 
holds strictly only for the zero-order frequencies. It is seen that the ratio of the 
frequencies of the antisymmetric vibrations depends only on the masses and on the 
apex angle 2 q: of the triangle. 
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For the symmetric vibrations Pi and P 2 of XYa one obtains immediately from the 
general equation (II, 126) 

Y {2m^^ + mg’) my^mx 
° (2,ny + mk) 

that is, the ratio of the products coico 2 formed for the two isotopic molecules is inde- 
pendent of the potential constants and even of the angle a, and depends only on 
the masses. 

In Table 52 the observed values of Ivz axidi jvivz and the values of 

/coz and £oi^^’co 2 ^*V<^io ^2 as calculated from (II, 305) and (II, 306) are given for 
the three isotopic pairs H 2 O, D 2 O; H 2 S, D 2 S,' and H 2 Se, DsSe. The fundamental 


Table 52. observed and calculated isotope effect in. the pairs 
JI2O D2C), H2S 332S AN“D H2SG D2SG. 


Isotopic pair 

» 

observed 

0)Z 

calculated 

VlVi 

observed 

» 

calculated 

H 2 O, D 2 O 

0.7425 

0.7329 

0.5390 

0.5275a 

H 2 S, D 2 S 

0.7449 

0.7184 

0.5246 

0.51499 

H 2 Se, D 2 S 0 

0.7217 

0.7118 

0.5003 

0.5065o 


frequencies and angles used are those given in the previous Table 37, p. 161. The 
agreement of observed and calculated values is quite satisfactory, the small differ- 
ences being due to the use of observed fundamental frequencies rather than zero-order 
frequencies. It must also be remembered that the influence of anharmonicity for 
vibrations involving H atoms is particularly large. The rather poor agreement for 
vz^^^lvz of H 2 S is probably due to an erroneous measurement of the center of the 
fundamental vz in either H 2 S or D 2 S (see Chapter III). 

In cases of doubtful assignments of the observed fundamental frequencies of two 
isotopic XY 2 molecules, equation (II, 306) may serve as a check as to whether the 
correct identification has been obtained. Also it is possible to calculate one of the 
zero-order frequencies from (II, 306) if all the others are known. 


If one substitutes the observed in (II, 306) and calculates the angle a, one obtains for 

H 2 O 2a = 137° instead of the correct value 105°, while for H 2 S and H 2 Se one finds sin a > 1, that 
is, no real solution. This indicates that the angle a obtained from (II, 305) is very sensitive to the 
use of the correct co3^‘V‘<’.f* 

For H 2 O the zero-order frequencies are known from a detailed analysis of the vibrational spec- 
trum Csee Darling and Dennison (263) and p. 282 T They are 

coi = 3825.3, <02 = 1653.9, ws = 3935.6 cm~b 


For D 2 O the available data are not sufficient to determine them directly fi'om the D 2 O spectrum. 
But they can bo obtained somewhat indirectly, as follows. The anharmonic coefficients Xik of D 2 O 
can be obtained from those of H 2 O if, in analogy to the relation = (a)<,^‘^ /w«^)we3:, 

for diatomic molecules, one assumes [see Bonner (162) and Darling and Dennison (263)] 


(l ) 

^i k 


COi(j>h 


ik* 


(II, 307) 


Thiis relation has not been rigorously proved but seems to bo justified by the good agreement 
obtained. 
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With these x^^l, the zero-order frequencies of D 2 O are obtained from the observed fundamentals 
according to (11, 270) as *® 

£ 01 ® = 2767.9, £ 02 ® = 1210 . 2 , £ 03 ® = 2885.1. 

Using these “observed” £o values one obtains 



observed 


0.7331 


( 


£0i£O2 


) observed. 


= 0.52755, 


in almost perfect agreement with the calculated values in Table 52. The value of 2<x obtained from 
(II, 305) with the above (£ 03 ^*V< 03 )observe(l ia 106° in very good agreement with the value obtained 
from the rotation vibration spectrum (p. 489), 

Because of the influence of anharmonicity, a calculation 0 / the most general 
quadratic potential constants from the equations (II, 124—126) applied to the two iso- 
topes is worth while only when the zero-order frequencies are known. This is the 
case only for H 2 O and D 2 O (see above). The resulting values of the aik in (II, 97) 
for this case are, in dynes per centimeter, 


an = a 22 = + 9.568 X 10®, ass = + 2.037 X 10®, 
ai 2 = + 1.048 X 10®, ais = aas = - 1.535 X 10®, 


The fact that ai 2 and ais come out to be of a magnitude similar to 033 confirms the 
previous conclusion that the central force system (in which they are neglected) is a 
poor approximation. 

For linear symmetrical XY 2 molecules, equations (II, 305) and (II, 306) also hold 
if in the former one puts a = 90°. However, since for these molecules vi and 
have different symmetry separate relations may be obtained for them. In this case, 
unlike that of bent XY 2 , (II, 243) is the most general quadratic potential function. 
The expressions (11, 245) for Xi and X 2 that follow from (II, 243) lead immediately to 



(II, 308) 


For C^® 02 ^® and the observed fundamentals vz [see Nielsen (653) and 

Chapter III, section 3a] are in the ratio vz^^^jvz = 0.9721, whereas from (II, 308) 
= 0.97154, the difference again being due to the use of fundamentals rather 
than zero-order frequencies.®® 

All the preceding relations hold only when the two isotopic molecules considered 
have the same symmetry, but they are valid for any mass difference of the isotopes. 
They do not hold for the case in which in XY 2 only one Y atom is replaced by an 
isotope. Even then of course the potential energy is the same as in the original 
molecule; but since the kinetic energy has no longer the same high symmetry the 
secular equation no longer factors to the same extent as before. Consequently the 
resultant exact relations between the frequencies and force constants become rather 


These are not the final values of Darling and Dennison (263), who have made use of the 
isotope relations to calculate them (see p. 282). 

If the zero-order frequencies are determined as above for H 2 O, almost perfect agreement is 
obtained [[see Nielsen (653)]. 
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cumbersome Csee Rosenthal (746)]]. However, it is obvious that i/ the mass difference 
Amy = of fho f'WO isotopes is small compared to the mass my, the isotope 

shift between "X-Yz and is very nearly half the shift between XY 2 and XY 2 ^‘^. 

For the latter shifts we obtain, from (II, 305) and (II, 306) when Amy is small and 


AXg 


AXi 

Xi 




X 3 

AX 2 


2Aa)3 mx Awy 

C03 (mx + 2 »iy sin® ot) {my + Amy) ’ 

2A«i 2 Aa 32 2(mx + my) Amy 

coi £02 (mx + 2 »iy) (my + 2 AmY) ’ 


(11, 309) 
(II, 310) 


and thus for the shifts between XY 2 and XYY^^^ just half these values. Here use 
has been made of the relations 


X 3 

X 1 X 2 



1 + 


2 A £03 

£03 


AXi AX2 

I I i _|_ _ 

^ Xi ^ X2 


1 + 


2A£0i 

COl 


2A£02 

CO 2 


(11, 311) 


which of course hold for small Aoj only. The formulae (II, 309) and (II, 310) have 
first been derived by Salant and Rosenthal (757). 

For linear symmetrical molecules the shifts Aco between the frequencies of XY 2 
and XY 2 ^^^ are, according to (II, 308), for small Amy, 

A£oi Amy 

£ 0 i 2(my + Amy) ’ 


Ao )2 Ao)s mx Amy 

£02 ~ £03 2(wx d- 2my) (my + Amy) ’ 


(II, 312) 


and again half these values for the shifts between linear. XY 2 and XYY^^\ For 
accurate formulae for any mass difference in the latter case, see Rosenthal (746). 

Formulae for the isotopic effect in unsymmetrical linear and non-linear triatomic 
molecules, assuming a small mass difference, have been derived by Adel (32) (33). 
For the linear molecules he has also discussed in detail the influence of anharmoiiicity 
and the interaction of rotation and vibration. The results for the non-linear tri- 
atomic molecules may also be applied to molecules such as CH 3 CH 2 I, CH 3 CH 2 OH, 
and others for which there are oscillations in which the three groups CH 3 , CH 2 , I, 
or OH oscillate essentially as a whole. 


The Teller-Redlich product rule. The same methods that have been applied in 
the preceding paragraph to triatomic molecules may of course also be applied to 
molecules having more than three atoms. However, the solution of the most general 
secular equation becomes increasingly tedious. Such calculations have been carried 
out for four-atomic molecules XY 3 by Salant and Rosenthal (758) and for five-atomic 
tetrahedral molecules by Rosenthal (747) (748). Wilson (929) has briefly indicated 
a perturbation method for the calculation of isotope shifts. Naturally the calcula- 
tions are somewhat simplified if simplified force systems such as the valence force 
system are used. Many of the conclusions of the above-mentioned papers can> 
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however be very simply derived from a general theorem given independently by 
Teller [[quoted in (55)[] and Redlich (726). This theorem is of fundamental impor- 
tance for the study of the isotope effect. 

Teller and Redlich showed that /or two isotopic molecules the product of the 
values for all vibrations of a given symmetry type is independent of the potential constants 
and depends only on the masses of the atoms and the geometrical structure of the molecule. 
The previous formulae (II, 305), (II, 306), and (II, 308) are examples of this general 
theorem. The general formula for any molecule is 


031 eji 



(II, 313) 


Here all quantities referring to the isotopic molecule are marked by the superscript 
if) while the quantities referring to the originally considered "ordinary” molecule 
do not have this superscript; coi, 032, • • ■ 03/ are the (zero-order) frequencies of the/ 
genuine vibrations of the symmetry type considered (see section 4a) ; Wi, m 2 • * • are 
the masses of the representative atoms of the various sets (each set consisting of 
atoms that are transformed into one another by the symmetry operations permitted 
by the molecule; see p. 131). The exponents a, j3, • • • are the numbers of vibrations 
(inclusive of non-genuine vibrations) each set contributes to the symmetry type 
considered (they are the factors of m, m^, m®, • • • in Tables 35 and 36). M is the 
total mass of the molecule; t is the number of translations of the symmetry type 
considered (for € 2 ® the column headed T in Table 34; see also the last columns in 
Tables 12—30). Ix, ly, Iz are the moments of inertia about the x, y, and z axes through 
the center of mass (the direction of the axes being chosen in the same way as in the 
Tables 12—30 of the different symmetry types; 5x, by, 8z are 1 or 0 depending on 
whether or not the rotation about the x, y, z axis is a non-genuine vibration of the 
symmetry type considered. Both on the left and right hand side (in a, jS • • • t, 
bx) by, 5z) a degenerate vibration is counted only once. 

For a proof of the theorem (II, 313) the reader must be referred to Redlich's 
paper (726). Like our previous considerations it is based on the assumption of 
identical force fields for the isotopic molecules, which is practically always fulfilled. 
On this assumption the product rule (II, 313) should hold rigorously for the zero-order 
frequencies coi and at least to a good approximation for the observed fundamentals 
Vi (or, in other words, the first vibrational quanta) for any mass difference. One can 
also predict the direction of the deviation in case the Vi rather than the cof are used: 
If (i) refers to the heavier isotope, since for it the anharmonicity constants Xi* are 
smaller than Xik, and therefore is smaller than coi — Vi, the product 

: — . . . should be slightly greater than the right-hand side of (II, 313). 

Vi V2 Vf 

If there is only one genuine vibration of a certain symmetry type, formula (II, 313) 
gives directly the frequency of the isotopic molecule in terms of that of the “ordinary” 
molecule and of the masses and geometrical data; that is, in this case, the relative 
isotope shift itself (not only the ratio of the product of certain frequencies) is inde- 
pendent of the potential constants. 
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The reader may verify that (II, 313) for the case of a symmetrical triatomic 
molecule XY2 leads to (II, 305), (II, 306), and (II, 308). 

As a first example we shall apply (II, 313) to the plane symmetric X2Y4 molecule 
(point group Vh) and its isotope [see Conn and Sutherland (226) and Callaway 

and Barker (345) for C2H4 and C2D4I]. Bor the totally symmetric species Ag there 
is no translation and rotation, that is, « = 5^, = = 5;* = 0. There are two sets of 

nuclei, one (Y4) on the xy plane (m^j, = 1 in Table 35) and one (X2) on the re axis 
{m^x = 1). The first (Y4) contributes two vibrations to Ag, the second (X2) one 
(see Table 35); that is, the mass my appears in (II, 313) to the second, mx to the 
first power. Therefore, using the same numbering for the vibrations as on p. 107 
and putting mx^*^ = mx, we have 


a)iC 02 O 33 


mv 

mY^'‘^ 


(II, 314) 


For the species Au again t = 8x = dy — 8^ — 0. 
one degree of freedom (see Table 35) and therefore 
oscillation of this species, 

mv 



Now only the set Y4 contributes 
we have, for the one (torsional) 


(II, 315) 


There is one non-genuine vibration of species Bi„, namely the rotation about the 
z-axis (perpendicular to the plane of the molecule). Therefore, while i = 0, 

we have for this species 8z = 1, and we need the moment of inertia about the z axis. 
In terms of the dimensions a, b, c, introduced on p. 151 (see Fig. 57), the moment of 
inertia 7a is 

7a = 2mxcP + 4mY(6^ + c^). 


The number of degrees of freedom contributed by each set of nuclei is the same as 
for Ag, and thus (II, 313) becomes 


oirPeoeP my Imxd^ + 2mY\b‘^ -|- c^) 
coficoe my^^ mx^a^ + 27riy{l}^ + c^) 316) 

The one non-genuine vibration of species Bi^ is a translation in the z direction. 


Therefore i = 1 but 5* = §„ = 
of freedom each and we have, jj 

8z = 0. The two sets of nuclei contribute one degree 
bccording to (II, 313), 

t07 

jmy mx H- 2mY^ 

(II, 317) 

0)7 

In a similar way one obtains 

— ^ 

^my^ mx + 2mY 

/ 

0)8 

= A 

0)8 ^ 

my 
/ rny^ 

mxd? -1- 2my^b^ 

• — j 

mxfP H- 2mYb‘^ 

(II, 318) 

0)9^0) Vo my 

0)90)10 niy^ > 

jmx + o)ViO)i'‘J 

nix + 2mY 0)110)12 

(II, 319) 


The relations (II, 314—319) have proved to be exceedingly helpful in assigning the 
observed frequencies of C2H4 and C2D4 to the proper species (see Chapter III, 
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section 3d). From the fundamentals given in Table 47 (p. 184) we obtain, for 

V\ V2 ^3 

example, for the value 0.5085, while according to (II, 314) it should be 

ViV2Vz 

win/wiD = 0.6004. Similar agreement is found for the other symmetry types, the ob- 
served ratios always being slightly larger than the calculated, as expected (see above). 

If the isotopic molecule has lower symmetry than the ‘‘^ordinary” molecule, the 
product rule holds rigorously only for the symmetry types of this lower symmetry. For 
example, if in X 2 Y 4 only two Y atoms are substituted the point group is C 2 V or C 2 h 
rather than Vn- Let us consider Y 2 XXY 2 ^ Then the yz plane is no longer a plane 
of symmetry. Ag and Bzu of Vh are no longer different. They form Ai of € 2 ® (see 
Tables 14 and 13).®^ Similarly Au and Bzg go over into A 2 , Big and B 2 U into Bi, 
and Biu and 52 ff into B 2 . We have, therefore, from (II, 313) : 


CJl 0)2 CU 3 0)llO)l2 


C0iCO2CO36)iiC0i2 


mY 


4 


mY (mx + mr + my) 


(mx + 2mY) 


0)5 CU5 0 )g 0)10 


034^ _ mY (mY + my^) 1 f mY \ 

<04 ^ mY^ 2mY ^2 \ my / ’ 


(II, 320) 


(II, 321) 


0)50)60)9^*^10 




ilifC2my(62 + c2) + Wxa2] 


0)7 0)8 

0)70)8 


my + mY^)(b^ + c^) + mxM^^^a^ — 4(mY^ — mY^b'^ 


/my £M^'‘^(mY + m^)h‘^ -f- — 4(mY^ — my)® 6 ‘^] 

Af(2mY62 + mxd^) 


(II, 322) 


(II, 323) 


where M and are the total masses of the two molecules. It is seen that the 
results for the less symmetrical molecule are the less detailed. If only one Y atom 
in X2Y4 were replaced by its isotope, the point group would be C* and there would 
be only two equations (corresponding to the two symmetry types), one equation for 


While these equations 


<ui^<0^*^a3^ ^C05 ^C06^9 , ,, , <04 ^C07 ^C08^ 

and the other for 

COi<02«03C>36a?6W9<Oio<Oll<Oi2 < 04 <») 7 C<J 8 

hold for any mass difference, they are much less useful than (II, 314-319) for the 
symmetrical case. 


If the mass difference is small, equations (II, 314-319) may be brought into a form similar to 
(II, 309-312) for XY 2 . For example, (II, 314) becomes 


Awi Aw2 Aw 3 Amy 

_] ^ ..j — __ ^ 

<0l CO 2 “iny 


(II, 324) 


and similarly for the other equations. If only two of the Y atoms are replaced by Y^b the sum of 
the relative shifts of wi, wa, <03 is, half the amount given by (II, 324) ; if only one Y is repla<!ed by Y<‘) 
the sum is one quarter of this amount. Thus for small mass differences the more detailed relations 
of the S 3 rmmetrieal case may also be used for unsymmetrical substitution of isotopes. 

As a further example of the application of the product theorem, we consider the molecule XYZ 3 
of point group Cav (examples: CH 3 CI, CCI 3 H). There are (see Table 36) three vibrations of species 
Ai and three (doubly degenerate) vibrations of species E (see Fig. 91). There is one set of atoms on 
the planes cv (the group Z 3 ) contributing two vibrations to Ai and three to E, and two “sets” on 

^ It should be noted that the z axis for X 2 Y 4 has been assumed to be perpendicular to the plane 
of the molecule, whereas for Cav it is the two-fold axis (X — X). 
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the symmetry axis (the atoms X and Y) contributing one vibration each to Ai and E. There is 
one translation of type Ai, and one (degenerate) translation and one (degenerate) rotation of type B. 
Thus we obtain, from (II, 313), for the non-degenerate vibrations. 


(O, 


CO 


2 


CO1CO2CO3 


wz 




mxw^Y 




2^ 

M 


(II, 325) 


and for the degenerate vibrations, 



/ ''«Z"»XW-Y 


a)4COf,Wfi 

S/ 

M I ' 


(II, 326) 

where ^/ =rrtx+wiY+3/nz is the total mass and / =mxa^+mz(2c2-l-3/(.2) — (l/M)(3mz;i,— mxa)^ 
[a == XY distance, c = fZZ distance, h — height of YZ* pyramid] is the moment of inertia about 
an axis perpendicular to the symmetry axis. It may be noted that on the right in (II, 326), according 
to the above, the doubly degenerate translation and i*otation count each as one only; that is, 
and occur to the first power only. The reader may apply the relations (II, 325) and '(II, 326) 

to the data on CH 3 CI, CD 3 CI and CHsBr, CDsBr given in Table 85 p. 315. 

Finally we consider the tetrahedral XY 4 molecule belonging to the point group Td. For such a 
molecule we have one genuine vibration of species Ai. one of species E, and two of species Fz (see 
p. 140 and Fig. 41). There is one set of atoms lying on the threefold axes (group Y 4 , mz = 1, in 
Table 36) and contributing one vibration (genuine or non-genuine) to Ai, one to E, one to Fi, and 
two to Fz. The other set consists of the one atom X at the center (wo = 1) and contributes one 
(triply degenerate) vibration to Fz. The three rotations belong to symmetry type Fi, which does 
not contribute any genuine normal vibrations, and the three translations form one triply degenerate 
non-genuine vibration of species Fz ; that is, < = 1 for Fz. Thus we have, for the totally symmetric 
and for the doubly degenerate vibration, 


CO 

0)1 


0‘) .,(») L., 

t ^2 j Y 

o)z \ Wy^ ’ 


and for the two triply degenerate vibrations (Fa), 


co:iC 04 


”>-Y h-X . W-X 

■W-Y^ \ ■W.jf 


+ 


4 mY^ 


(II, 327) 


(II, 328) 


TlioBC rchitioiiB agr(M^ with those derived in a rather more complicated way (before the product rule 
was published) by Rosenthal (748). It is noteworthy that according to (11,327) no isotope shift 
occurs in coi and cou if only the central X atom, is replaced by an isotope. This is in agreement with 
the previous conclusion (Fig. 41) that in these vibrations the X atom docs not move. The relations 
(II, 327) and (II, 328) will be applied to CH^ and CD 4 in Chapter III, section 3 c. 

While the above formulae for XY 4 hold for any mass difference of the isotopes, again somewhat 
simi^Ier formulae may bo obtained if the mass difference is small. In that case also, the isotope 
shift of Pi and P 2 for XYaY^"^ is one-quarter of that for XY 4 ^''^ given by (II, 327) ; for XY 2 Y 2 ^"^ it is 
one-half of that amount, and so on. 

Noether ((>73a) has proposed an empirical rule that is related to the Teller-Rodlich product rule. 
He suggests that the ratio vic'-'^lvk is the same for corresponding vibrations of different but similar 
molecules, for oxjimple 

P kiCmi^Cl ) ^ ^'^(CDaBr) ^ 
vliOIliiCl) r^(CHaBr) * 

Ul) to DOW there is no idieoi'ctical justification for this rule although tlu' exixu'irnental data sup|)ort iiu 
Pitzer and Scott ((> 1 ) 1 )) have applied with some success the Teller- H.edlich product rule to methyl 
derivatives of benzene (considering in a rough approximation the CH^ group as an isotope of hydrogen. 
This has proved to be an important aid in the analysis of the vibrational spectra of toluene, the 
xylenes and mesitylene even though an accurate validity of the product rule cannot bo expected in 
such cases. 

Resolution of the symmetry types of a point group into those of a point group of lower symmetry. 

If the symmetry of an isotopic molecule is lower than that of the ordinary molecule, as in the case 
of XYsY^^^ it is necessary for an api)lic:ttion of the i^roduct theorem to know to which symmetry 
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type of the point group of lower syTcametry, say Q, the vibrations of the molecule of higher symmetry, 
say P, belong. This resolution of the symmetry types of one point group into those of a point group 
of lower symmetry is of importance also in the discussion of the electronic structure of polyatomic 
molecules and in the discussion of dissociation processes of polyatomic molecules. 

In the case of non-degenerate symmetry types this resolution is very simple. One has only to 
find out what the characters of each symmetry type of P are with respect to the symmetry operations 
of Q and see from Tables 12-30 to which symmetry type H such a set of characters belongs. This 
has already been carried out above for the resolution of Vh. into C^v when considering the isotope 
effect of X 2 Y 4 . 

The resolution is somewhat less obvious for degenerate symmetry types since in going over to 
lower symmetry these degeneracies are 'partly or wholly removed. In these cases the procedure to be 
followed is similar to the previously given method of determining the resultant states when two 
degenerate vibrations are excited (see p. 130). Suppose E is the degenerate symmetry type (repre- 
sentation) of P considered and O, H, • - • are the symmetry types into which E splits in going to 
the lower symmetry <?. Let ‘ ' ti® corresponding characters (seep. 108) for 

a symmetry operation (/c) that is common to both point groups P and Q. Then group theory shows 
[^for a proof see Bethe (143) and .Mulliken (641)] that, similar to (11,87) for all such common 
symmetry elements: 

X^i == ( 11 , 329 ) 

Therefore, in order to determine the resolution of E, one has simply to express the characters X/|^ of 
E as a sum of Xh > * ’ ' ® same for all XE of common sym- 

metry elements k. This can only be done in one way. In group theory language the degenerate repre- 
sentation jB of P is no longer irreducible with respect to Q. Its irreducible components obtained 
from (II, 329) are the representations into which E is resolved in point group <?. 

As an example, consider the case of the XY4 molecule in which one Y is replaced by its isotope. 
The point groups of the ordinary and the isotopic molecule are Td and Csv respectively. The sym- 
metry elements common to both are all those of Czv, that is, I, C3, The two non-degenerate 
species Ai and A 2 of Td, of cotnrse, go over into Ai and Az of Czv Similarly, E of Td goes over into 
E of Czv, since the characters are the same. The triply degenerate species Pi of T d (for which there 
is no genuine vibration in XY4) splits, since there are only doubly degenerate species for Czv- The 
characters of Pi for the symmetry elements J, Cz, <rd — ev are -}-3, 0 , and —1 (see Table 28). There 
is only one way in which these three characters can be expressed simultaneously as sums of corre- 
sponding characters of C 3 ,, (see Table 15) : namely, as the sums of the characters of Az ( -f 1, +1, —1) 
and E (4-2, —1, 0). Thus Pi splits into Az + E. Similarly P 2 is found to split into Ai •+■ E. Thus 
the two triply degenerate vibrations of a molecule XY 4 each split into a totally symmetric and a 
doubly degenerate vibration. 

If two Y atoms in XY4 are replaced by their isotopes, we have the point group Czv Hero the 
operations crv(xz) and crv(yz) have in general different characters (see Table 13, p. 106), even though 
for Td aU reflections <rd have the same character. Ai and A2 of Td of course go over into Ai and A2 
respectively of Czv The characters of E of Td for /, Cz, crv(xz), a-v(yz) are -|- 2 , - 1 - 2 , 0 , 0 respectively. 
They are the sums of the characters of Ai and A 2 of Czv The characters of Fz for the same sym- 
metry elements are -+-3, — 1 , -f-l, -1-1, which are the sums of the characters of Ai, Bi, and i?2. Simi- 
larly Pi resolves into A 2 + Bi + Bz- 

The above results for Fa— ► Czv, Td-*- Czv, Czv are summarized together with several other cases 
in Table 53. It must be noted that in some cases the species of one point group can be resolved 
into those of another point group in a number of different ways; for example. Fa can bo resolved into 
Czv in such a way that the s axis of Czv coincides with the z, or y, or x axis of Fa. The relative 
orientation of the axes is, if necessary, indicated at the top of the particular subtablo of '^Pablo 63. 
Further resolutions can easily be obtained by the reader according to the method outlined above, or 
by combining the results of Table 53 in a suitable way tsoe also Mullikon ( 041 ) ]. Ifor example, the 
resolution of He a into Czv is obtained from Table 53 by first looking up the resolution into Du a and 
then that of Dzh into C 3 ,,. Also the resolution of Dph into Dp is simply obtained by dropping the 
g and u or ’ and The resolution of Czv into Ca is contained in the subtablo for Fa, and similarly 
in other cases. 

Application to the unsymmetrically substituted isotopes of an Xy 4 molecule. If in XY 4 only 
one of the Y atoms is replaced by an isotope Y^’), the symmetry of the resulting molecule Yb'^XYa 
is no longer Td but Czv. According to the preceding discussion and Table 53 each of the two triply 
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degeaerate vibrations and vi of XY4 (species P2) splits into a non-degenerate and a doubly de- 
generate vibration of species At and E respectively, while the species of the vibrations n and 
remain Ai and E respectively. The same holds when three Y atoms are replaced by their isotopes, 
that is, for YXYa^*^ If two Y atoms are replaced by Y^*^ the resulting molecule Y2XY2<*> belongs 
to poiiit group C 2 v; according to Table 53 each of the two triply degenerate vibrations of XY4 splits 
into three non-degenerate vibrations of species Ai, Bi, and B 2 , while V 2 (E) splits into two non- 
degenerate vibrations of species Ai and A 2 , and vi remains totally symmetrical (species Ai). 

In Table 54 the correlation of the normal vibrations of the five isotopic molecules of XY4 is 
given. On the basis of this table it is now easy to apply the product rule. Thus it is seen that the 


Table 54. coekelation op the fundamental vibrations of the 

ISOTOPIC MODIFICATIONS OP XY4. 


Molecule 

XY4 

Y(">XY3 

Y2<»>XY2 

YXYs<*> 

XY4(‘) 
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»'4o(ni) Vilb(hi)v4cQ)2) 

1 I.--- 

>'4»(«l)P4ftr('0 

Pidl) 


three totally symmetric vibrations of Y<hXY3 have to be combined with vi, p:u and pa of XY,i in 
(II, 325), while the three doubly degenerate vibrations of Y^»^XY;t have to be comliined with P 2 , vt, 
and j'4 in (II, 326). Thereupon, 

(11,330) 

<oiW3W4 \ rriY^ M o:20>s(^i V ^ ^ 




M 


I my 

M I ' 


where the different designation of the atoms in XYZs and has been taken into account and 

where, unlike (II, 326), is independent of the molecular dimensions: 

+ Smy) + 4 m + Smy) 

T ^ 

Very similar relations hold between the frequencies of YXYa^^^ and XYd as well as For 

Y2^^^XY2 one obtains from (II, 313) four equations corresponding to the four species, which may be 
easily set up [[see also Rosenthal (748) []. 

The observed fundamentals of the various heavy methanes CH4, CHafl, CH2l>2, CHDa, CD4 
given in Table 82 represent excellent material for an application of the above i8oto|)e formulae for 
the XY4 molecule. 

It is obvious that for small mass diffei^ences the frequencies of the isotopic molecules are close to 
those of the ordinary molecule. However, for molecules with heavy hydrogen sucvh as the heavy 
methanes, very large shifts may occur. In such cases it is no longer obvious, for example, which of 
the three totally symmetric vibrations of Y^’-^XYa is vu which and which (see Table 64)* 
However, if it is considered that in going from small to large mass differences no croBsmg owat of 
frequencies of the same species can occur (because of the repulsion in <ton80quen(‘.e of Fermi resonance; 
see section 5c) it is clear that the largest of the frequencies vi, Piuir corresponds to the largest of 
rit ^3, VA of XY4, the second largest to the second largest, and bo on. Similar (’JOOHiderations apply 
for other correlations. 

It must be emphasized that the correlation lines in Table 54 give a rigorous correlation only 
between XY4 (or XY4^^^) and any one of the intermediate molecules, but not between and 
Ys^^'^XYa or between YXYa^"^ and Y2^^'^XY2 since in going from Y<''>XY3 (or from YXYa^‘>) to 
Y2<^‘)XY2 only one plane of symmetry is conserved and therefore an ai vibration of Y^^'^XYg need not 
necessarily go into an ai vibration of Y2^^^XY2 but may also go into a 61 or a 62 vibration (depending 
on which plane is conserved). For a correlation in which this consideration is taken into account 
see p. 319f. 



CHAPTER III 


VIBRATIONAL INFRARED AND RAMAN SPECTRA 
1. Classical Treatment 


(a) Infrared vibration spectra 

Active and inactive fundamentals. According to classical electrodynamics any 
motion of an atomic system that is connected with a change of its dipole moment 
leads to the emission or absorption of radiation.^ During the vibrational motion of 
a molecule the charge distribution undergoes a periodic change, and therefore in 
general (though not always) the dipole moment changes periodically. Since, in the , 
harmonic oscillator approximation, any vibrational motion of the molecule may be 
resolved into a sum of normal vibrations with appropriate amplitudes, and since the 
normal vibrations are the only simple periodic motions, the normal frequencies are 
the frequencies that are emitted or absorbed by the molecule. These frequencies lie in 
the near infrared, as for diatomic molecules. Usually in the infrared it is the absorp- 
tion spectrum that is observed. 

Normal vibrations that are connected with a change of dipole moment and, 
therefore, appear in the infrared are called infrared active, while vibrations for which 
the change of charge distribution (which always occurs) is such that no change of 
dipole moment arises and which, therefore, do not appear in the infrared, are called 
infrared inactive. In the harmonic oscillator approximation only the fundamentals 
Vi are active: the overtones 2vi, Svi, • • • and combination tones Vi + Vk, and so on, 
are inactive since the vibrational motion does not contain the frequencies 2vi, 3vi, • • • , 

Vi Vk, 

The change of tli e dipole moment may be only a change of its direction with respect 
to a coordinate system fixed in space. (See also the infrared rotation spectrum. 
Chapter I). For example, in the bending vibration of HCN (Fig. 61), the strong 
permanent dipole moment which is mainly associated with the C — H bond simply 
changes its direction, remaining always along the line C — H without an appreciable 
change of its magnitude. This change of direction is sufficient to cause the bending 
frequency v^ to appear strongly in the spectrum. 

In unsymmetrical m,olecules, every normal vibration is connected with a change 
of dipole moment; that is, all normal vibrations are infrared active (although, of course, 
there may be great differences in the magnitude of the change and therefore in the 
intensity of infrared absorption). Only in symmetrical molecules may there be vibra- 
tions during whicli the change of dipole moment is exactly zero and which, therefore, 
are infrared inactive. For example, in the linear symmetric XY 2 molecule (for 
instance CO 2 ), during the totally symmetric vibration vi (Fig. 25b), the dipole 
moment always remains zero as it is in the equilibrium position, and therefore this 

1 A chanKe of th(^ quadrupolo moment or of the magnetic dipole moment may also lead to emission 
or absorption of radiation. But, in the infrared, the intensity of this emission or absorption is 
entirely negligible []aoo Teller (836) and Molecular Spectra I, p. 305 ]]• 
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vibration is infrared inactive. On the other hand, for the other two vibrations V 2 
and vz, dipole moments perpendicular to and in the molecular axis respectively arise 
because of the asymmetry of the displaced positions. These dipole moments have 
the opposite sign after a phase shift of 180°. The two vibrations vz and vz are 
therefore infrared active. Similarly, it can be seen by inspection of Fig. 64a that only 
the vibrations vz and vs of the symmetrical linear X 2 Y 2 molecule (for instance C 2 H 2 ) 
are infrared active. (Although in Vi the symmetry of the equilibrium position is not 
conserved, the displaced configuration of the nuclei has still a center of symmetry 
and therefore no dipole moment.) Furthermore, as can be seen from Fig. 44, only 
the vibrations vt, vg, vio, vn, vn, of X 2 Y 4 (for instance C 2 H 4 ) are infrared active. 

But not every symmetric molecule has inactive vibrations. For example, in the 
non-linear symmetric XY 2 molecule (for instance H 2 O) all three normal vibrations 
(see Fig. 25a) are connected with a change of dipole moment; that is, they are infrared 
active. On the other hand, a molecule such as X 2 YZ 2 of the same point group C 20 
has one inactive vibration, namely the torsion oscillation of X 2 against Z 2 . In this 
case, the dipole moment is different from zero in the equilibrium position, but, for 
small amplitudes, does not change its direction or magnitude in the torsion oscillation 
as it does for all the other oscillations. 

Let X, y, z be the axes of a coordinate system fixed in the molecule. Since we 
are assuming in this chapter, as in the preceding one, that there is no rotation, this 
coordinate system is also fixed in space. If Ma,, My, Mg are the three components 
of the dipole moment M of the molecule in the direction of the coordinate axes in a 
displaced position of the nuclei, and if M% My, Mz are the components of the dipole 
moment in the equilibrium position, then, for sufficiently small displacements, 
we can expand Mx thus: 


Mx = Afx" + E 

k 


~/dMx\ 

A dzk /o 


Xk + 


(dMx\ ( SMx\ 


where the xu, yk, Zk are the displacement coordinates of nucleus k. Similar relations 
hold for My and Mg. If we introduce normal coordinates ^ 1 , ^ 2 , • • •, we have 

Mx = -Mj;” + E ^ 

and similarly for My and Mg. 

Since []see (II, 13)3 

cos (27rvif -1- <pi), (III, 3) 


according to (III, 2), the dipole moment M of the molecule will change with the 
frequency Vi of a normal vibration i (that is, this frequency will be active in the 


d_M 


i /o 


infrared) if and only if at least one of the derivatives ( | , f | ( 

\ Jo \ di; Jo’ \ , 

is different from zero. The intensity of this infrared fundamental band is propor- 
tional to the square of the vector representing the change of the dipole moment for 
the corresponding normal vibration near the equilibrium position; that is, it is 
proportional to 
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Overtone and combination vibrations. Just as in the case of diatomic molecules 
(see Molecular Spectra I, p. 99), if the anharmonicity of the vibrations is taken into 
account, the classical vibrational motion contains also the frequencies 2vi, 3?',, • • •, 
and furthermore (see below) V{ + Vk, Vi — Vk, 2vi Vk, * • * . Therefore, in the 
infrared spectrum, in addition to the fundamentals overtone and combination vibrations 
may ^also occur, if they are connected with a change of dipole moment. However, 
they will be much weaker than the fundamentals, since the anharmonicities in general 
are slight, except for very large amplitudes of the nuclei. 

If the anharmonicity cannot be neglected, one has to substitute for in (III, 2) an expression 
such as (II, 265) instead of (III, 3) - It is seen that then the dipole moment will oscillate with the 
frequencies 2vi, Zviy * * vi =b vk, 2vi zL vk, * • * as well as n*; that is, overtone and combination vibra- 
tions occur, although with much smaller amplitude than those of the fundamentals. 

Apart from this mechanical anharmonicity y an electrical anharmonicity may also cause overtone 
and combination vibrations to occur. It is easily seen that an electrical anharmonicity must always 
be present if it is considered that for a homopolar bond (as in the CH, HCl, - • • bonds) the dipole 
moment is zero both for infinitely large and zero internuclear distance. Thus the variation of the 
dipole moment with internuclear distance is qualitatively as shown in Fig. 74. There is a maximum 



Fig. 74. Dipole moment as a function of internuclear distance. — The r value 
of the maximum may also be larger than />. 


at an internuclear distance different from the equilibrium distance r<, of the bond. The slope of the 
curve at the equilibrium position determines the intensity of the fundamental. On account of the 
deviation from a straight line for larger amplitudes of vibration, even if the potential energy is strictly 
quadratic, higher terms 


'V 

jImJ 

i , k 


( 






(in, 5) 


in the development (III, 2) cannot be neglected. Substituting (III, 3) into (III, 5) shows that the 
dipole moment changes with frequency 2vi or vi =h vk, depending on whether z = k or i 9 ^ k; that is, 
overtone and combination vibrations occur. Higher ovci-tone or combination vibrations would 
occur if still higher terms in (III, 5) were taken into account. 

It should bo noted that, as can immediately be seen from the above, classically, on the basis of 
both mechanical and electrical anharmonicity, the amplitude of the change of dipole moment and 
therefore the intensity of infrared absorption, comes out to be the same for vi + v* and n — Vk, and 
similarly in other cases. 
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(b) Vibrational Raman spectra 

Elementary treatment of fundamentals. As in the case of diatomic molecules 
(see Molecular Spectra I, p. 88f.), in order that a fundamental frequency shall 
appear as a shift in the Raman spectrum the amplitude of the dipole moment induced 
by the incident radiation must change during the vibration considered. The magnitude 
of the induced dipole moment P is given by ' 

\P\=c,-\E\, (111,6) 

where E is the electric vector of the incident radiation of frequency v and a the 
polarizability. If a changes during the vibration i with frequency n, P will change 
with the frequencies v + Vi and v ~ Vi as well as with the frequency v; that is, the 
scattered radiation will co'ntain the frequencies v d= Vi in addition to v. In an im- 
symmetrical molecule, during all normal vibrations a periodic change of the polariza- 
bility takes place and, therefore, all normal frequencies appear in the Raman spec- 



Fig. 75, Polarizability as a function of normal coordinates (schematic), 

trum, that is, are Raman active. However, in symmeti-ical molecules it may happen 
that for certain vibrations the polarizability does not change, at least for small 
amplitudes. 

For example, for the linear symmetric XY 2 molecule (for instance CO 2 ) during 
the vibration vi (Fig. 25b), the polarizability is larger than the equilibrium value 
in one half period and smaller in the other. In first approximation, therefore, a 
changes linearly with ^ 1 , as indicated by the curve I in Fig. 75. The vibration vi ia, 
therefore, Raman active. However, during the vibrations and the polariza- 
bility is obviously the same at opposite phases of the motion and therefore its varia- 
tion with ^2 and ^3 is of the form given by the curves II or III in Fig. 75, which have 
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a horizontal tangent for $2 = 0 or I3 = 0 . That is, in first approximation, for sinnH 
amplitudes the polarizability does not change: the vibrations V2 and vs are lianmn 
inactive. As we shall see later, this holds for the fundamentals even in liiRher 
approximation. In a similar manner, Fig. 64 shows that for the linear symmetric 
X2Y2 molecules only the vibrations ri, uzj and V4 are Raman active, whereas f'a and 
j/5 are inactive. Furthermore, for plane X2Y4 (see Fig. 44), the vibrations i>i, ra, ra* 
1^5, V6, Vs are Raman active, all others inactive. In these three cases, therefore, none 
of the infrared-active vibrations (see p. 240 ) is Raman active. However, according 
to the above rule, it can be seen from Fig. 25 a that all three vibrations of non-linear 
symmetric (and a fortiori unsymmetric) XY2 are Raman active as well as infrartnl 
active. 

Mathematical formulation: the polarizability ellipsoid. The relation (III, 3 ) 
holds quite generally for any direction of the applied field; but the polarizability is 
not the same for different directions of E, and in general P and E have different 
directions.^ Therefore, the z component Px of P depends in general not only on the 
X component of E but also on the y and z components ; that is, we have 

Px — OLxxEx + OtxyEy -|- OCxsEs, (I I I, 

and similarly 

P y ~ OiyxEx I ^yyEy “ |— OiyzEsj (XII, 3) 

P z OCzxEx I ^zyEy — |— OL z zE z* (HI', h) 

Here z, y, z are the axes of a coordinate system fixed in the molecule and, since \v<'s 
are assuming no rotation, fixed in space. The a.xx, cxxy, • • • are constants indepcndtmt 
of the direction of E and P. They are called the components of the pola/rizabilit ij 
tensor a. It can be shown that 

OCxy — OCyxf OLxz OLzxj Otyz " OCzy* (HI, 1 11 ) 

The polarizability tensor can be visualized most easily by means of the polariztt-- 
hility ellipsoid, which is formed in a way very similar to the momental ellipsoid (h<hs 
p. 13 ). From (III, 7 - 9 ) it follows immediately that the component Pe of P in th<‘ 
direction of E is given by 

PE = aE\E\, (1X1,11) 

where oce may be called the E component of the polarizability. It depenclB on tlu^ 
oixx, oixy, ••• and on the direction of E.^ If now 1 /V^ is plotted from the origin 
for each direction it can be shown ^ that an ellipsoid is obtained, the polariasahili ty 
ellipsoid. In the direction of the principal axes of this ellipsoid, l/V^ bas a nutx- 
imum or minimum, and, therefore, oce has a minimum or maximum value. Tlxei*<‘- 
fore, in these and only these directions has P the same direction as E (compare again 
the vibrations of a ball suspended by an elastic bar, p. 62 f,) and thus oce - ’ 

Conseciuently, if the coordinate system is rotated in such a way that the n<nv 
coordinate axes x, y , i coincide with the principal axes of the polarizability ellipHoid, 

“ This is from reasons very similar to those on account of which the restoring force acting nin i\ 
ball suspended by an clastic bar is in general not directed toward the equilibrium position (mihj 
F ig. 22 and accompanying discussion). 

® The form of this dependence can easily be obtained by forming PjjIjBI = (.P-E) and sulxetiUr iing; 
Ex = E COB {E, x), and so on. Here (.P'E) is the scalar product of the two vectors P and JS. 

^ In a way very similar to that for the momental ellipsoid (see standard texts on mochunicH) . 
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the equations (III, 7—9) simplify to 

= a-^E^, Py = oi^Ey, P^ == ocTiE-,. (Ill, 12) 

The constants a'iy, oQl, oc^ are zero. For the oc^, and or^ we have, as in every 
orthogonal transformation (see p. 247), 


Otxoc OLyy d- OIzz = OC^ + Otyy + OLzg. 


From (III, 11) and (III, 12) it follows, with the abo ve d efinition of the polarizability 
ellipsoid, that the lengths of its axes are If-sja^x, 1/V^^- 

It is easy to find the principal axes of the polarizability ellipsoid for a symmetrical 
molecule, since, just as for the momental ellipsoid (see p. 13), they must coincide 
with the symmetry axes present and be perpendicular to any plane of symmetry. Thus, 
for a non-linear XYa molecule of point group Czy one of the principal axes coincides 
with Cz and the other two are perpendicular to it and to (one or the other of) the 
two planes of symmetry; that is, they coincide with the previous x and y axes (see 
p. 106). For molecules with one more-than-two-fold axis, for instance CH3CI, the 
polarizability ellipsoid, just as the momental ellipsoid, is a rotational ellipsoid, and 
for molecules of cubic symmetry, for instance CH4, the polarizability ellipsoid de- 
generates into a sphere. While thus in general the axes of the polarizability ellipsoid 
coincide with those of the momental ellipsoid, it should be emphasized that in unsym- 
metrically substituted isotopic molecules (for example XYY^^^) the polarizability 
ellipsoid is the same as in the “ordinary’' molecule, while the momental ellipsoid is 
not. This is because the polarizability depends on the distribution of the charges 
only, whereas the momental ellipsoid depends on the distribution of the masses. 

Every one of the six components of the polarizability in general changes when the 
nuclei are displaced from their equilibrium positions. For small displacements we 
can expand the otxy, ■ • • thus ^compare (III, 1) for Mx^ ■ 


Otxx — Oixx ~ 1 ~ 21 ] 
* 




and similar relations hold for otxyj otyy, * • 
we have [^compare (III, 2) for M'a:)3 

OLxx = Oixx + 2Z 


•. On introducing normal coordinates, 

( ^Oixx \ 

( 111 , 14 ) 


If this expression and similar ones for axy and axz, together with (III, 3) and 
Ex = E^ cos 2Trvt, Ey = Ey^ cos 2Tvt, Ex — Ef cos 2xrf 
are substituted into (III, 7), we obtain: 

Px = ipi%xEx^ + oiiyEy^ -h ol%zEJ^) cos 2Trvt 



X ICcos 27r(j' -|- Vi)t -h cos 27r(i' — j/,)0 


(III, 15) 


and similarly for Py and That is, the induced dipole moment oscillates, (a) with 
the frequency v of the incident radiation leading to Rayleigh scattering, and (b) 
with the frequencies v =b vi, leading to the Raman scattering. 
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Thus we see that, in the present approximation, a given normal vibration Vi will 
appear in the Raman spectrum if and only if at least one of the six components 

of the change of polarizability ^ ^ o’*” I* is 

to be noted that, in the classical theory here under discussion, according to (III, 15), 
the intensity of the Raman line v — Vi should be the same as that of H- Vi. 

Taking as an example again the linear symmetric XY 2 molecule, we see from Fig. 
25b that for all three vibrations in the displaced position the polarizability ellipsoid 
has the same axes as it has in the equilibrium position. If we let the internuclear 
axis be the z axis, we have, both in the equilibrium and in the displaced position, 


= a. 


, - X J 

" (^)o " (^)„ = (^)„ = « 

i = 1, 2, 3. In the case of the vibrations V 2 and vs, in addition, 

f N { dcKzz \ 

\ /() \ d^i Jo \ d^i /o’ 

since for them the polarizability as a function of the corresponding normal coordinates 
has a horizontal tangent at the equilibrium position (see Fig. 75). Thus, for 
and vz all six components of the change of polarizability are zero; hence and vz 

cannot occur in the Raman spectrum. On the other hand, for vx while ^ ^ , 

/ dccgg \ / doLya \ j/ dotaiasN ( doiyy\ f dazz\ 

V d(i U V afi /o V aji jo V'^ jo 

from zero and thus vi does occur in the Raman spectrum. 

In the case of the non-linear symmetric XY 2 molecule, for the vibrations vi and V 2 
(Fig. 25a) the axes of the polarizability ellipsoid remain the same in the displaced posi- 
tion as in the equilibrium position; that is, ( = (~^ ^ ^ = 0 

^ ^ , \ dti /o \ d^i /o \ d^i /o 

^Oixx \ ^ doCyy ^ ^ dOLzZ \ 

"dir Jo ’ \ ”dir Jo ’ \ ~d^ Jo these two vibrations, and 

thus they are Raman active. For the vibration vz, on the other hand, we have 

( ^OLxx "X r do!j/j/ ^ ^ doizz 

"diT Jo^ \ "dir Jo \ ”ai7 Jo "" opposite phases ayy, a^z have 

the same value (curves II and III in Fig. 75). But the z and x axes (in the plane of 
the molecule) no longer remain axes of the polarizability ellipsoid during the whole 

~d^f / 0 ^ vibration is Raman active, 

even though only one of the comi)oncnts of the change of polarizability is different 
from zero. 


Overtone and combination vibrations. Just as for the infrared spectrum, if the 
anharmonicity is taken into account (since then the classical motion contains the 
frequencies 2v.;., Svi, •••, v.i ± Vk, 2v.i ± Vk, **•)> hi addition to the fundamentals 
also overtone and combination vibrations may appear as Raman shifts if they are 
connected with a change of polarizability. If, as usual, the anharmonicity is small, 
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the intensity of Raman lines corresponding to overtone and combination vibrations 
will be very small compared to those corresponding to (active) fundamentals. 


As for the infrared spectrum, a mechanical and an electrical anharmonicity must be considered. 
In the case of a mechanical anharmonicity, (II, 265) or a similar expression rather than (III, 3) has 
to be substituted into (III, 14), It is immediately clear that Px (and similarly Py and Pz) then 
oscillates with frequencies v dz v zh Zvu — , p {vi zh. v ± {2vi db vh), • * *, as well as 
V db Vi. It is also seen that the overtone and combination vibrations involving Vi occur only when 

at least one of ( \ \ , • - • is different from zero, that is, when the fundamental also 

\ /o V o^i Jo 

occurs. Thus, the overtones of v^ and vz of linear symmetric XY 2 would not occur in consequence 
of mechanical anharmonicity, but only the overtones 2vi, 3vi of vi and some of its combination 
frequencies with the other two. 

If an electrical anharmonicity is present, we have to take into account higher terms such as 




/ d^jaxx 
\ d^id^k 


I 




(HI, 16). 


in the development (HI, 14). Substituting into (III, 7), we see that the Raman spectrum will show 
the shifts 2piy vi -h * • * in addition to the fundamentals. However, here the Raman activity of 
the overtones and combination tones is independent of the activity of the corresponding fundamentals, 

( d^ccxx \ 

-Z ' " ) 

d^id^h }i 


and higher derivatives, whereas the ac« 


tivity of the latter depends on 


/ oa-xx \ 

V aSi Jo 


Thus for the vibrations V 2 nnd vs of linear symmetric 
dax 


XY 2 , as we have previously seen, ( \ = 0, f ^ 0 (see curves II or III in Pig. 74), 

\ 0^2 /o \ dja Jo 


but 


/ b^OCxx \ 

\ /< 


/ 


). 


^ 0, and similarly for the other polarizability components- There- 


fore, while the fundamentals and vs cannot occur as Raman shifts in any approximation, the first 
overtones 2 j^ 2 , 2 p 3 can occur weakly when there is an electrical anharmonicity, that is, when the fact 
that ex is not a constant even during the vibrations V 2 and vs is taken into account. More simply, 
since during one oscillation of V 2 or vs the polarizability ex goes twice through a maximum (that is, 
oscillates with twice the frequency of the mechanical oscillation), it is 2^2 or 2 ^ 3 , not v^ or vz that 
occurs weakly as a Raman shift. 


Polarization of Rayleigh and Raman scattering. If the polarizability ellipsoid of 
a molecule is a sphere (as for instance for CHi), the direction of .the induced dipole 
moment P coincides for any orientation of the system with the direction of the field 
E producing it. If, therefore, on irradiation of a gas consisting of such molecules with 
light of frequency p (that is, E — Eq cos 2Trvt), the scattered light of frequency v 
{Rayleigh scattering) is observed at right angles to the incident beam, it will be com- 
pletely polarized in the plane at right angles to the incident beam, irrespective of 
whether the incident light is polarized or not. However, if the polarizability ellipsoid 
of the scattering system is not a sphere, the direction of P coincides with that of E 
only if E coincides with one of the axes of the polarizability ellipsoid, but otherwise 
has a different direction. If a gas (or liquid) containing such molecules with all 
orientations is irradiated, P is no longer restricted to the plane at right angles to the 
beam, even though it cannot take all orientations with respect to it with equal prob- 
ability. Therefore, the scattered light observed at right angles to the incident beam will 
no longer be completely polarized. The degree of depolarization will also depend on 
whether the incident beam is polarized or unpolarized. 

In this general case, when the polarizability ellipsoid is not a sphere (anisotropic 
molecule), we can resolve the polarizability into the sum of a spherical part for which 
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the polarizability is the average of the three principal polarizabilities 

^ ~ — Oily = (xlg = ^(cXsa! + <Xyy + OCgz) (III, 17) 

and a completely anisotropic part for which . 

all + all + all = 0, (III, 18) 

and of course: 

a^x ~ axx ~ a-xxj ayy — ayy ~~ ayy^ alz ~ ocgg ~~ alg, (III, 19) 
The magnitude of the anisotropy may be indicated by 

0^ = iC(a!a:^ - ayyf + {ayy — azff + {oLzz — axff + Q{aly + alz + q:L)3- (HI, 20) 

The sums in (III, 17) and (III, 20) are invariants of the polarizability tensor, that 
is, their value is independent of the orientation of the coordinate axes relative to 
the polarizability ellipsoid j^see (5)]. If the coordinate axes coincide with the 
axes of the ellipsoid (see the coordinates x, y,z,p. 243), the last term in (III, 20) 
L^{aly + alz + asx)l disappears. 

The degree of depolarization p is defined as the ratio of the intensity of the scattered 
light polarized perpendicular to the a:?/ plane, to that polarized parallel to this 
plane, Zn* Here the z axis is taken in the direction of propagation of the incident 
light, and the direction of observation is perpendicular to the z axis. By averaging 
over all orientations of the system, it can then be shown [see, for instance, Born (2) 
and Wolf (949)3 that /or natural {unpolarized) incident light 


h ^ ^1^^ 

In 45{a^y^ + 7/32 


(III, 21) 


in (III, 21) is always different from zero since the polarizability is always positive 
(o:^ = 0 would mean that axx = a^ = a'i'i = 0, that is, that no scattered radiation 
would appear). The smallest value of pn is therefore pn = 0, which is obtained when 
/3 = 0. The largest value of pn corresponds to the most anisotropic case. This is 
obtained if all except one, say axx, of the components of a are zero. Then of — axx/S, 
0' — axx and therefore = I, which is thus the maximum degree of depolariza- 

tion for Rayleigh scattering. 

The degree of depolarization for linearly polarized incident light (at 90® to the 
scattered beam) is related to Pn by [see Born (2) and Placzek (700)3 

PI = ; (III, 22) 

" Pn 


that is, the maximum degree of depolarization in this case is The 

Rayleigh scattering of most molecules will have a smaller degree of depolarization 
than these maximum values. 

Sometimes it is also of interest to study the scattering of circularly polarized 
incident light. Obviously, if the polarizability ellipsoid is a sphere, and if the incident 
light is polarized in a clockwise direction, the light scattered backward (180® to 
incident beam) should be circularly polarized in a counter-clockwise direction (always 
looking in the direction of propagation). But if the scattering system is anisotropic 

Here as in the following text we take the direction of polarization as the direction of the electric 
vector of the light wave. 
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the light that is scattered backward may also have a component of clockwise circular 
polarization. The degree of this reversal pc for circularly polarized incident light 
may be shown to be related to pn by 



I 


clockwise 




counter-clockwise 



(III, 23) 


which is zero for pn — 0 and has the maximum value 1; that is, for a completely 
anisotropic system the light scattered backward would be unpolarized. 

In order to predict on the basis of classical theory the state of 'polarization of a Raman line corre- 

( doL \ 

I (the derived 

tensor) must be investigated. For example, for the totally symmetric vibration vi of tetrahedral 

Sol 

XY 4 molecules, ot retains spherical symmetry during the whole vibration and therefore — is spherical. 

Consequently, the part of P oscillating with frequency =h n will have the same direction as 
These Haman lines are, therefore, completely polarized. 

More detailed calculations Z&ee Born ( 2 ) and Cabannes (3) (189)] show that although the 

( da \ 

1 do not always coincide with those of the 

polarizability ellipsoid (a) , the formulae for the polarization are the same as for the Rayleigh scatter- 
ing except that has to be replaced by 


cxi 




ir(^) 

3 L\ /o \ Jo \ JoJ 


(in, 24 ) 


and has to be replaced by 
Soixx da ^ 


P.'S = 1 ^ dayy \ ^ / docyy ^ dcxgz / Sazz ^ do£xx \ ^ 

2 tv Jo \ d^i dii jo V Jo 

dax ^ ^ 


Thus we have 




Pn 


Ix 

In 


6/3 


.'2 


45(ai'b* -1- 7/3i'2 ’ 
and (III, 22 ) and (III, 23) for pi and pc respectively.® 


(Ill, 26) 


of 


( 


An essential difference from the case of Rayleigh scattering is, however, that the components 
da \ . 

1 in the direction of the principal axes are not necessarily all positive, as arc those of a. 
d^ijo 


Therefore 


(S). 


cannot always be represented by a real ellipsoid. But it is still convenient to 


visualize the relations by means of such an ellipsoid. In consequence of the possibility of negative 

, 1 6013,3; *\ / \ _ 

• values 01 I - /o ’ \ hg- /o’ ' " * ’ ^ ““•y bo zero without /Si' being zero. This case gives 

the strongest depolarization, namely: 


p, max 3 = f , p^max = p^max = e. (Ill, 27) 

For brevity, if a Raman line shows this state of depolarization, it is called depolarized, whereas, if the 
degree of depolarization is smaller, it is said to be (partly or completely) polarize.d. 

If a molecule has a plane of symmetry (for example XY 2 Z 2 ) , one axis of the polarizability ellipsoid 
of the equilibrium position is perpendicular to this plane (say in the x direction) , and the other two 
are in the plane. Now, in a displaced position antisymmetric to the plane the polarizability ellipsoid 

® For example, in the above case of the totally symmetric vibration of tetrahedral XY 4 , = 0 
and therefore pn = 0, pi — 0 , pc — 0 . 
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has no longer the same axes; but it is easily seen from an examination of Fig, 76 that ofxa; (the x compo- 
nent of the dipole moment induced by unit field in the x direction) has the same value for this displaced 
position as it has for the opposite displaced position, that is, it follows a curve like II or III in Fig. 75. 

Consequently, ( -- | =0. In a similar man- 

\ /o 

ner, it is seen that ( ^ = 0 and/ \ = 0. 

Therefore, according to (111,24) and (111,26), 
pn ^ f for this antisymmetric vibration; that is, 
the particular Raman line will be depolarized. 

Similarly, it can be shown that any vibration 
that is antisymmetric or degenerate with respect 
to any other symmetry element will give a 
Raman line with the maximum degree of de- 
polarization if it occurs at all. Therefore, only 
Raman lines corresponding to totally symmetric 
mhrations can have a degree of depolarization 
smaller than the maximum value f, that is, can 
be polarized. 

For molecules belonging to the cubic point 
groups, we have always pn = 0 for the totally 
symmetric vibrations, since for these 

C-w) 

\ Jo \ Jo \ Ja 

\ _ / dazz \ 

aSi )o ~ V Jo ~ V Jo ' 

and, therefore, /Si'^ = 0 in (III, 26). For the 
totally symmetric vibrations of all other point 
groups, pn may have any value between 0 
and f. 

2. Quantum-theoretical Treatment 

In quantum theory the frequencies of the infrared absorption (or emission) bands 
and the frequency shifts of the Raman bands are determined by the energy differences 
of the vibrational levels between which the transitions take place. In order to find 
out which transitions occur and with what intensity, it is necessary to calculate the 
transition probabilities. 

(a) Elementary treatment of fundamentals 

Since for small amplitudes of the nuclei a polyatomic molecule may be considered 
as a superposition of harmonic oscillators, the results for the harmonic oscillator 
approximation of diatomic molecules (see Molecular Spectra I, pp. 85 and 93) may 
be taken over. That is, both in the infrared and Raman spectrum we have the 
selection rule 

Avi = dz 1 (III, 28) 

for each normal vibration Vi. Since the oscillators, in this approximation, are inde- 
pendent, no simultaneous jumps of two or more vibrations can occur. As for diatomic 
molecules, only those vibrations that are connected with a change of dipole moment 




Fig. 76. Polarizability change for an anti- 
symmetric vibration (schematic). — The broken- 
line ellipses indicate the polarizability ellipsoid in 
the equilibrium position, the solid ellipses in two 
opposite displaced positions. The intercept s of 
the latter ellipsoids with the X axis give l/Vax® 
(see p. 243) which is seen to be the same in the 
two cases. 
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can' have Avi = ± 1 for an infrared transition, and only those vibrations that are 
connected with a (linear) change of polarizability can have Avi — d= 1 for a Raman 
transition. Considering the formula (II, 61) for the. vibrational energy levels which 
applies to this approximation, it is clear that the wave numbers of the infrared bands 
and the wave-number shifts of the Raman bands are equal to the actual vibrational 
frequencies (measured in cm~^) 

V = coi, I Av I = 03i. (IIIj 29) 

Thus, in this approximation, the quantum-theoretical infrared and Raman vibra- 
tion spectrum is the same as the classical one, at least as far as the position and oc- 
currence or non-occurrence of the bands is concerned. However, just as for diatomic 
molecules, there is an important difference as to the intensities of the Raman bands. 
Whereas according to classical theory the Stokes and anti-Stokes Raman lines v — coi 
and V -1- oji should have the same intensity, according to quantum theory and in 
agreement with observation the anti-Stokes lines have a much smaller intensity, since 
the number of molecules in the initial state y* = 1 of the anti-Stokes lines is only 
Q-(.hco>i/kr) times the number of molecules in the initial state = 0 of the Stokes lines 
(ground state). For diatomic molecules no anti-Stokes vibrational Raman lines 
have ever been observed. For polyatomic molecules they have been observed, but 
only for the smaller frequencies, as is shown in Fig. 77 for CCI 4 and CHClgBr. The 
intensity ratio to the corresponding Stokes lines is in agreement with the Boltzmann 
factor. 

Since in quantum theory, as in classical theory, the occurrence of a certain funda- 
mental in the infrared or Raman spectrum depends on the presence of a change of 
dipole moment or polarizability respectively, the previous conclusions (section 1) as 
to the dependence on the symmetry of the molecule remain valid in quantum theory. 
Thus, for linear symmetrical XYa, for example, only the totally symmetric vibration 
vx can change its quantum number yi by d=l in the Raman effect, whereas only the 
vibrations and vs can change their quantum numbers by dbl in the infrared. 
Conversely, if a triatomic XY 2 molecule exhibits only one (Stokes) Raman line and 
only two strong infrared bands of a frequency different from that of the Raman line, 
it can be concluded that the molecule is linear and symmetric, since for a non-linear 
as well as for a linear unsymmetrical XY 2 molecule all three fundamentals are active 
both in the infrared and in the Raman effect. 

Similar considerations can be applied to other cases (see section 1). 

(b) Rigorous vibrational selection rules 

For quantitative calculations of the intensity of infrared and Raman bands and 
also for the determination of the activity of overtone and combination vibrations 
[see subsection (d)j| it is necessary to develop a more detailed quantum-theoretical 
treatment. 

Infrared spectrum. The dipole moment of the molecule is represented in wave 
mechanics by the matrix formed from the integrals 

f'irn^m*Mdr, (III, 30) 

where M is a vector with components 

Mx ~ ' e-jOCi , JM y — \ e-M i, M^z ~ ^ 1 ejZj (III, 31) 
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(fii = charge of particle i having coordinates Xi, yi, Zi), and where and are the 
time-dependent eigenfunctions of the system in two states n and m, that is, 

'^n. = (111,32) 

the asterisk indicating the complex conjugate quantities. The diagonal elements of 
the matrix, that is, the integrals (III, 30) with n = m, represent the permanent dipole 
moments in the states n (since the time dependence cancels out). The off-diagonal 
matrix elements (n m) correspond to the transitions from the state n to the state m 
since they have the time factor transition probability is propor- 

tional to the square of the time-independent factor of (III, 30), that is, to the square of 

= / il^rff'rffMdr. (Ill, 33) 

We consider now the transition between two vibrational levels v' and v" of the 

molecule produced by dipole radiation. Here v' and v" stand for the sets of vibra- 
tional quantum numbers vx, v% ^ vz, • • • and vx”, vz', • • • of the upper and lower 
state respectively. Strictly speaking, we should substitute the total eigenfunction in 
(III, 33). But to a usually fairly good approximation, this total eigenfunction is the 
product of an electronic, a vibrational, and a rotational eigenfunction (see p. 15) : 

= NeMr', (III, 34) 

and therefore, since for the pure vibration spectrum the electronic and rotational state 
remains unchanged, -^e and -ij/r simply give a constant factor in (III, 33) so that wp 
conclude that the vibrational transition probability is proportional to the square of 

IMy'v" = f (III, 35) 

where \J/v and xpv' are the vibrational eigenfunctions of the upper and lower state 
respectively. is also called the transition moment of the transition i/\ 


TABIiE 55, SYMMETRY TYPES (SPECIES) ® OF THE COMPOISrENTS OF THE I>IPOEE MOMIONT AND OF 
THE POEARIZABIEITY (INFRARED AND RaMAN SELECTION RULES) FOB THE MORE 
IMPOIiTANT POINT GROUPS |[sEE PlAGZEIC (700) AND TiSZA (807)], 
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^ For an explanation of the symmetry types and the choice of the coordinate axes, see Tables 
12—30 (the symmetry ax;is of highest symmetry is always the z axis). 

For C 2 and Z >2 = V omit the subscripts g and u. 

® For C 3 , C 4 , Cs, Cg, and Cs/*, C 4 ;*, Cs/t, Cc/t, omit the subscripts 1 and 2 of A and B, 

^ For T omit the subscripts 1 and 2 of A and F, 

10 Por Q omit the subscripts g and u. 
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Table 55 . — Continued 
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Vibrational selection rules exist only when the molecule under consideration has 
elements of symmetry. In that case it is immediately clear that the integral (III, 35) 
can be different from zero for a certain transition (that is, that this transition is an 
allowed one) only when at least one of the components of the integrand 
remains unchanged for any of the symmetry operations permitted by the symmetry 
of the molecule in its equilibrium position, or in other words when dt least one of the 
quantities 

Mv'*M, 

is totally symmetrical. This is the general vibrational selection rule for the infrared, 
which is rigorous as long as the interaction with rotation and electronic motion is. ne- 
glected. In particular it is independent of whether or not the vibrations are harmonic. 

From the definition (III, 31) of the dipole moment M it is clear that its com- 
ponents Mx, My, Mz have the same behavior with respect to symmetry operations 
as the translations Tx, Ty, Tx in the direction of the coordinate axes; that is, they 
belong to one of the species of the point group of the molecule, as indicated in the 
last column of each of the Tables 12 to 30. For the convenience of the reader, in 
Table 55 the species of Mx, My, Mz are collected together for all the more important 
point groups, as read off from the last columns of Tables 12-30. 

With these considerations in mind, the above general selection rule may also be 
formulated thus: A vibrational transition v' v" is allowed only when there is at least 
one component of the dipole moment M that has the same species as the product 
The equivalence of this rule and the previous one is immediately obvious for the 
point groups with non-degenerate species only, since the product of two functions 
can be symmetric with respect to a symmetry operation only if both factors are sym- 
metric or both antisymmetric with respect to this symmetry operation. However, 
the above formulation of the general selection rule holds also for point groups with 
degenerate species. This can easily be verified with the help of Tables 31 and 33, 
which show that the product of two species is totally symmetric or contains a totally 
symmetric part only when the two species are the same. 

In order to ascertain whether a certain transition v' <-» v" is allowed in the infra- 
red, therefore, it is only necessary to see whether the species of 4'v4'v" (obtained in 
the same way as outlined in Chapter II, section 3e, for the species of the total vibra- 
tional eigenfunction) is the same as that of Mx, My, or ilfg as given in Table 55, 
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Raman spectrum. The intensity of scattered light depends on the induced dipole 
moment P which, similar to (III, 30), is represented by the matrix formed from 
the integrals, 

/ (III, 36) 

where P is a vector whose components are given by (III, 7—9). The time-independent 
part of (III, 36) is 

= / xf^n4'rn*P^dr, (III, 37) 

where is the amplitude of i®. The intensity of a Raman transition m is 
proportional to the square of Substituting P from (III, 7—9) we obtain for 

the components of i 

ZPaPy^'^ = EJ^J Oi3:x'4'rN'w,*dT Ey^J" OCxy^ji^m^dT -f E Olxz4'n4'm*dr, 

IPyOJnm = ^^0 foCxyMn.*dT "h E y^ f OiyyXl/r>.^^*dr + EJ^f Oiy^xl^r.^f^m*dr, (III, 38) 

= Ex^J Oixz'pn.4'«*dr -f- Ey^J'oLyz4'n^m*dT "H E J^j' azz^n^m*dr. 

Here, Pa®, Ey^, EJ^ are the components of the amplitude of the incident light wave, 
and the integrals 

=/ ^xx4^n^rn!^dT y OCxy^ n'^rn^dT y • • • (III, 39) 

are the matrix elements of the six components of the polarizability tensor. The diagonal 
matrix elements (n = m) of a or P° correspond to Rayleigh scattering, the off-diagonal 
elements to Raman scattering, that is, to transitions n<r^m induced by the incident 
light. According to (III, 38) Raman transition n<-^ m is allowed if at least one of 
the six quantities • • • , ts different from zero. 

Por the vibrational Raman spectrum we have again to substitute for 4'n and 
the vibrational eigenfunctions and rl/v" of the upper and lower states- We can 
then say (compare the selection rule for the infrared spectrum p. 253) : A Raman 
transition between two vibrational level v' and v" is allowed if at least one of the six 
products 

OixN'vW'*, OCxyrf'/W'*, - • ■ . (Ill, 40) 

is totally symmetrical, that is, remains unchanged for all symmetry operations per- 
mitted by the symmetry of the molecule. 

Similarly to the previous infrared selection rule, the general (and rigorous) Raman 
selection rule may also be stated in the following somewhat more convenient form: 
A Raman transition between two vibrational levels v' and v” is allowed if the product 
^v'ypv" has the same species as at least one of the six components ocxx, oc.xy, of the 
polarizability tensor. 

In order to be abjle to apply this rule we have to know the species of otxx, oixy, • • • 
for the various point groups. It is easy to find the behavior of the otxx, ocxy, - - • with 
respect to symmetry operations (that is, to find the species) for point groups with 
non-degenerate species only. Let us suppose that a field is applied in the y direction 
(Ey ^ 0, Ex = Ez = 0); then, according to (III, 7), P* = ocxyEy. Since, in the 
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present case, P* and Ey can only remain unclianged or change sign for a symmetry 
operation, ocxy will remain unchanged or change sign depending on whether and 
Ey behave in the same or in the opposite way for the symmetry operation considered. 
Px and Ey have the same species as the translations Tx and Ty respectively, and 
therefore OLxy has the same species as the product of the species of T* and Ty, Simi- 
larly, axz and qtys have the same species as the products TxTz and TyTz respectively. 
Finally axx, oLyy, olzz have the same species as the products TxTx, TyTy, TgTz re- 
spectively, all of which are totally symmetric in the case of point groups with non- 
degenerate species only. As an example, consider a molecule of point group Vn 
(for instance plane X 2 Y 4 ). (Xxx, otyy, olzz have the totally symmetric species Ag^ ocxy 
has the species Bxg since TxTy has species Bzu X Bz-u. — Big, and axz and ayz have 
the species Bzg and Bzg, respectively, for similar reasons. Thus, only those transi- 
tions may occur in the Kaman effect for which the product ypyil/v” has one of the 
species A„, Big, B 2 g, or Bzg. 

In Table 55 the species of the six components of the polarizability tensor are given 
for all the important point groups, including those with degenerate species- In the 
latter cases, the species can be obtained in a manner similar to the above but some- 
what more complicated (see below). In these cases for axx, otyy (and for cubic point 
groups, also for azz) two species are given. This is meant to indicate that actually 
only axx + ocyy and axx — otyy [and for cubic point groups axx + otyy + cizs and a 
more complicated linear combination; see Tisza (867)] have a definite species. For 
most practical cases this amounts to the same thing as assuming that axx, otyy, (azz) 
have the two species indicated. 

In the case of the axial point groups fonly one more-than-two-fold axis in the z direction), the 
species of azzf ctxzf and oiyz is obtained in a way similai’ to the one described above for point groups 
with non-degenerate species only, as follows. If a field is applied in the z direction, we have 

Px = CCxzEz, Py = OCyzPs^ Pz = OCzzEz* (III, 41) 

Since Tz for these point groups is non-degenerate, it follows from the last of the above equations that 
oLzz is totally symmetric (see Table 55) . The species of Tx and Ty is degenerate in these point groups. 
Therefore the species of otxz and a.yz must also bo degenerate and can immediately be obtained from 
the species of Txy Ty^ and Tz with the aid of the multix>lication table 31. In almost all cases it 
is B] or El. 

For oLxxj otyyj and or^i/ the transformation properties are not as easily obtained since and Ty 
are both degenerate. Of course, the relation Px = ocxxEx (field in the x direction) is fulfilled when 
(Xxx is totally symmetric, and similarly for <xyy. This accounts for one of the species given for olxx 
and ayy in Table 55. But it is not the only species. Since Ex and Ey are transformed by some 
of the symmetry operations (for examx^lc, a rotation by 360® /p) into linear combinations of the two, 
let us assume now that Ex 9 ^ 0, Ey 9 ^ 0, Ez == 0. Then we obtain from (III, 7) and (III, 8): 


Px ^ OCxxB^x “t“ (XxyEyy 

Carrying out a symmetry oxieration, wo have 


-1- 


Py ' — CXxyEx “b OtyyEy. 

4 “ E^ 


(III, 42) 

(III, 43) 


where the sux^ersorii^ts t indicate the transformed quantities. Since Ex, Ey, Px, Py, just as the trans- 
lations Tx and have the degenerate Bijecios E, they transform for a rotation by iS = 360®/p in 
the same way as degenerate normal coordinates equations (II, 75^ that is, 


— Ex cos /3 + Ey sin /3, 

Ey = — Ex sin /3 + Ey cos 0, 

and similarly for P^ and Py. Substituting this and (III, 42) into (III, 43) and equating the coefll- 
cients of Ex on the left- and right-hand sides of the two equations obtained, and similarly the co- 
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efficients of we find; 

cos 13 — a.l,y sin ^ cos /5 + oc^y sin 

sin ^ 4- oil,y cos /3 = <x^y cos /3 + ocyy sin /3, 

Oily cos p — Cily sin jS = — q:^^: sin /3 + cos /3, 

sin /3 + ot^y cos /3 = — 0 ;^^^ sin ^ + orjyj, cos 

From these equations we obtain for the transformed polarizabilities: 

cos^ /? + sin cos 0 + otyy sin^ /3, <111, 44) 

otly = sin^ 0 — 2^cc^y sin 0 cos 0 + oLyy cos^ 0, <111, 45) 

2cxiy = — ioi^^ — cxyy') s^ 2^ + 2 ot ^y COS 2/3. n, 46) 

While it is thus seen that dxcc and not transform in a simple manner (that is, c>x>e that 

agrees with one of the symmetry types), it is immediately seen from (III, 44) and (III, 45) “that 

^xx ^yy ^rca? <1X1, 47) 

^xx ^yy ^ ^yy^ COS 20 H~ 2cx^y sin 20 » <111, 4B) 

Thus GCxx + <xyy is symmetric with respect to a rotation by 0 = 360^/p about the p-fold ax:i£S, In a 
similar way it can be shown that oixx + «?/?/ is also symmetric with respect to all other elexrxi^nts of 
symmetry [fusing transformation (II, 76) instead of (II, 75)]; that is, cc^x + <xyy is totally sy^axxxnetric* 
On the other hand, as is seen by comparing (III, 48) and (III, 46), ccxx — c^j/?/ forms a degenox*^ i.to pair 
with 2oixy having 20 instead of 0 in (II, 75), that is, this pair has species E 2 . For point groxxi>B with 
p = 3 (three-fold axis), the species JEJ 2 is identical with E (see p. 89); for those with p = 4 <fc>i.ir“fold 
axis), E 2 splits into two nondegenerate species B; indeed, with 0 = 90*^ it follows from (III,. ^115) and 
(III, 48) that o£^y ~ — ccxy and ct^x — ^ly — “ — oiyy) ; that is, ocxy/ and ocxx cxyy «^xx-e anti- 

symmetric with respect to the four-fold axis. The species is and 7? i respectively in th.c 3 case of 
point groups for which this difference exists £see Tisza (867)]. In this way the species for 
<^yy given in Table 55 were obtained. 

The rule of mutual exclusion* From Table 55 the following rule can immo cl lately 
be verified: For molecules with a center of symmetry j transitions that are alloweci in the 
infrared are forbidden in the Raman spectrum; and conversely, transitions t/hixt are 
allowed in the Raman spectrum are forbidden in the infrared. More explicit;! y, we 
may also say: In the infrared, only transitions between states of opposite syiriinotry 
with respect to a center of symmetry i can take place (g u) ; in the Ramaix c^ffect, 
only between states of the same symmetry with respect to i {g g, u <—> tiy * The 
correctness of this latter rule is immediately seen if it is realized that, according to 
Table 55, for all infrared transitions (all components of M) must t>o anti- 

symmetric (u) with respect to while for all Raman transitions (all comj:><>neiitB 
of «), must be symmetric ig). Even without Table 55 it is clear T^liat all 

components of M change sign for a reflection at i, whereas the componentf^ of the 
polarizability, which behave as the product of two components of M, remain 
unchanged. 

It should be realized that the above rule of mutual exclusion does not imj^ly that 
all transitions that are forbidden in the Raman effect occur in the infx^ared. Some 
transitions may be forbidden in both, as for example, a transition of a moleeule of 
point group F;, for which has species 

For all molecules without a center of symmetry, with the exception of those 
belonging to the rare point groups I>6^, and O, there are transitions can 

occur both in the infrared and the Raman effect. 

Inversion doubling. As we have seen previously (p. 220), all vibrational onorgy 
levels of non-planar molecules are doubled on account of the two potential minima 



Ill, 2 


QUANTUM-THEORETICAL TREATMENT 


257 


corresponding to inversion. The eigenfunction of one sublevel remains unchanged 
for a reflection at the origin, that of the other changes sign. Because of the above- 
mentioned behavior of the dipole moment and the polarizability with respect to 
reflection at the origin, it is immediately clear (since M-tpv'i'v" and respec- 

tively must remain unchanged for such a reflection) that in the infrared only sublevels 
of opposite parity can combine with one another (+<-^ —), whereas in the Raman 
effect only sublevels of the same parity can combine with one another (+■«->■ +, — ). 

Of course, when the inversion doubling of the vibrational levels is unobservably 
small, this selection rule has no observable influence on the spectrum. We need 
only consider the previous selection rules for one potential minimum (Table 55 ). 
However, when the inversion doubling is noticeable, as for NHs (see p. 221), the 
selection rule for the sublevels is of importance. All Raman and infrared bands are 
then double as explained in Fig. 78. But, because of the different selection rules in 
the Raman and infrared spectra, the doublet splitting of the bands is different: it is 
the sum of the splitting of the upper and lower levels in the infrared, while it is the 
difference in the Raman spectrum (see Fig. 78). 



infrar<‘<I Raman 

Fig. 78. Influence of inversion doubling on infrared and Raman spectrum. — The small semi- 
circular dots at the bottom are added in order to make it more apparent at which component level 
the transition starts. 

It is of particular importance that the above selection rule for the infrared (not 
for the Raman effect) allows also a transition from one sublevel of a given vibrational 
level to the other (see Fig. 78), which, because of the form of the eigenfunctions (see 
Fig. 72b), has a large intensity. For the ground state of NH 3 such a transition has 
actually been observed by Cleeton and Williams (215) in the region of extremely 
short radio waves, at X = 1.25 cm (corresponding to 0.8 cm“^), in agreement with 
expectation from the doubling of the ordinary vibration bands. The observation of 
this inversion spectrum represents one of the most striking confirmations of the 
predictions of wave mechanics as applied to molecular structure. 

In view of the above selection rule for the inversion doublet components, it is seen, that the 
rule of mutual exclusion holds really for all non-planar molecules. This is due to the fact that the 
potential function of these molecules has a center of symmetry and, therefore, the complete vibra- 
tional eigenfunction must remain unchanged or can at most change sign for a reflection at the origin. 
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Thus, even though at any instant the molecule has no center of symmetry, it behaves as if it 
It must, however, be understood that when the inversion doubling is unobservably small, as xi5.0St 
cases, infrared and Haman frequencies may coincide except when the molecule has an actuiil C€5uter 
of symmetry; thus, for unobservably small inversion doubling the rule of mutual exclusion Isolds 
only to the restricted extent noted previously, 

(c) More refined treatment of fundamentals 

We apply now the rigorous selection rules derived in the preceding subsechioii to 
the fundamentals, that is, the 1-0 transitions occurring in infrared absorption (or 
emission) and in the Raman spectrum. 

General rule. If the lower state of a transition is the vibrationless ground stiite 
(vi = 0, V 2 = 0, • • •) the eigenfunction is totally symmetric (see p. 101). The 
eigenfunction of a state in which only one vibration is singly excited has the sym- 
metry type of that vibration (see p. 103). Therefore, for a 1—0 transition of a ■vibra- 
tion Vi (fundamental) the product has the symmetry type of the vibration Vi. 

Consequently, according to the rigorous selection rules given above, only those vibra- 
tions can occur as fundamentals in the infrared whose species agrees with that of at least 
one component of the dipole moment M for the particular point group, and only those 
vibrations can occur as fundamentals in the Raman spectrum whose species agrees 'with 
that of at least one component of the polarizability a for the particular point groap. 
Thus, Table 55 gives directly the species of all the vibrations that are active as 
fundamentals in the infrared and in the Raman effect. 

In a somewhat more elementary way, the above rule may also be fornauhtted : 
A vibration is active as a fundamental in the infrared (Raman effect) if it behaves with 
respect to all symmetry operations permitted by the symmetry of the molecule in the same 
way as at least one component of the dipole moment (polarizability ) . 

In the case of molecules with a center of symmetry, it follows immediately that 
fundamentals that are active in the infrared are not active in the Raman effect, and 
conversely. 

If Table 55 is combined with Tables 35 and 36, it is possible to obtain for jj, mole- 
cule of a given point group the number of vibrations of each species that are active 
as fundamentals in the infrared and in the Raman effect. As we shall see later, 
infrared fundamentals of different species have different fine structures whicli cjn-n 
sometimes be distinguished even without full resolution, and Raman fundameixtals 
have different polarizations and fine structures. Conversely, therefore, if the riuoibor 
of infrared- and Raman-active fundamentals has been found for a certain molecxile, 
particularly when the type of the bands has been ascertained, it is possible to deter- 
mine the point group to which the molecule belongs; that is, it is possible to determine 
its structure from the vibration spectrum only. 


Examples. The three normal vibrations vi, v^, and of non-linear symmetric 
XY 2 (point group C^i) have species Ax, Ax, and Bx respectively (see Fig. 25j», and 
Table 13). According to Table 55, they are therefore all active as fundamenbils 
in the infrared and in the Raman effect. In particular, vx and V 2 occur in the infrjirod 
with an oscillating dipole moment in the z direction (direction of the two-fold axis) 
while vz occurs with an oscillating dipole moment in the x direction, in agreement 
with the classical result (p. 240). In the Raman spectrum, for vi and only C<^a:as"3*' ^ 

are different from zero, for vz only 


7 
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Without reference to Table 55, one may also say: For the 1—0 transition of vi as well as V 2 , the 
X component = J'Mx4'v''Pv"dT of the amplitude of the dipole moment vanishes because 

the eigenfunctions ^'■o' and are symmetric with respect to both planes of symmetry, while 
changes sign for a reflection at the yz plane, and thus the integiand is not totally symmetric. Simi- 
larly, = J' M vanishes for the same transitions since My changes sign, and there- 

fore the integrand changes sign for a i-eflection at the xz plane- But [Dili's H®'®” = SMNv'i'v'dr 
may be different from zero, since Ms and therefore the integrand remains unchanged for reflections 
at both planes of symmetry. Therefore, the vibrations v\ and may occur as fundamentals (1—0 
transition) but only with a dipole moment oscillating in the z du'ection. On the other hand, for the 
1—0 transition of the eigenfunction and therefore the product is anti-symmetric with 

respect to the yz plane. Consequently [[ikfx = J'MN'n'^'v'dr does not now vanish, since 

Mx^v'l'v” is symmetric with respect to both planes of symmetry, whereas {_My = J'My\f'v'4'v"dT 
and = J'Ms4'v4'v"dT do vanish, since the integrands are antisymmetric with respect to 

both planes and the yz plane respectively. Thus for this transition the dipole moment changes in 
the X direction. In a similar way it can be seen, without reference to Table 55, that all three vibra- 
tions are Raman active as fundamentals. The polarizability components cxxx, ccyy, cxsz (behaving as the 
products of the two subscripts) are totally symmetric while cxxy is antisymmetric with respect to both 
planes of symmetry, oixs and ctyz are antisymmetric wdth respect to the yz and xz plane respectively. 
Therefore, for the 1-0 transition of vi and ra, CtXxxJ”'^" — J'cixx'4'v'4'v'dT, =“ Sc‘-vy4>v'i'v'dT 

and Caia]®'®" = J'otss^v’^v'dT may be different from zero, while the other integrals vanish; for the 
1—0 transition of vz only = Sctxs'Pv’^v'dr may be different from zero. 

I’or a more general molecule of point group Ca® (for example X2YZ2) for which 
vibrations of all four species occur, it follows from Table 55 and the above general 
rule that only the vibrations of species Ax, Bi, and B 2 can occur as fundamentals in 
the infrared, whereas the vibrations of species A 2 are forbidden (for example the 
torsion oscillation of X2yZ2). On the other hand, all vibrations, including those of 
species A2, are active as fundamentals in the Raman effect, but of course with different 
components of the polarizability. 

In the case of a molecule of point group Vh (for example, plane X2Y4), according 
to Table 55 only vibrations of species Biu, B 2 u., Rsm (see Table 14) are active in the 
infrared as fundamentals. In the case of X 2 Y 4 (see Fig. 44) these infrared-active 
fundamentals are V 7 , v%, vio, and V 12 , in agreement with the previous classical 
considei-ation (p. 240). In the Raman effect only vibrations of species A„, Bxg, B 20 , 
and B^g are active, with the polarizability components given in Table 55. For X2Y4 
the Raman-active fundamentals are vx, V 2 , vz, vz, vg, vs. It is seen that the infrared- 
active fundamentals ai*e not active in the Raman effect and the Raman-active 
fundamentals are not active in the infrared, in agreement with the rule of mutual 
exclusion, which applies here since there is a center of symmetry. Vibrations of 
species Au are inactive as fundamentals both in the infrared and in the Raman effect. 
For X2Y4 only the vibration va, the torsional oscillation, is of this species. 

Finally, let us consider, as an example of a molecule with degenerate vibrations, 
one of point group Td (for examijle XY4). Here the dipole moment has the triply 
degenerate species F 2 and therefore only the vibrations of species are active as 
fundamentals in the infrai-ed. For XY4 these are the vibrations vz and va (see 
Fig. 41). In the Raman effect, since the polarizability comx)onents have the species 
Ax, E, and F2, only the vibrations of species Ax, E, and F2 are active as fundamentals. 
In the case of XY4 this includes all the fundamentals, vx, vz, vz, va. But in the general 
case there are also vibrations of sxjecies A2 and Fx Cfor example, for C(CH 3 ) 4 lI which 
are accordingly forbidden both in the infrared and in tlie Raman effect. 

Alternative treatment; intensities. An alternative way of deriving the selection 
rules, which at the same time lends itself more easily to the calculation of intensities. 
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is the following. We expand the components of the dipole moment and the 
bility in a power series of the normal coordinates, as in equations (III, 2) and (I^ ^ 
of the classical treatment, and substitute these into ^ ^ , l^il^TjgsZl > 

and Za^^xT^”, La^vT^", * * *, respectively. In this way we obtain 

= MJ^ J ^pVI'V'dr + S )o j ^i^v'^v"dr + ■ • • , (1 1 1, 49) 

and similar equations for and [M.J'""; furthermore we obtain 


Zo^xxZZ'’”'' = Oixx J* ypv'^V'dr + 52^ 4- • • • (III, 50) 


and similar equations for- Z^ixzT'’", •••• ^^ese equations t^rxxl v" 
stand for the set of vibrational quantum numbers in the upper and lower sto-l:-« re- 
spectively. The first term on the right in both equations vanishes ii v' 9 ^ v' ' 
the vibrational eigenfunctions of different states are orthogonal to one anothei'- 
In the harmonic oscillator approximation, according to (II, 42), 


{Since 



••• d^idh ••• '• 

= f ^i'aiW'(^i)d^i f I'2{^2)H'(^2)d^2 ••■J 


Because of the orthogonality of the eigenfunctions, the integrals C^x')dh, 

J'i' 2 {h)I^ 2 "(,h)dh are different from zero only when vi = vx", v^' — 
while jr^il/i(^i)xl/i"(^i)d^i is different from zero only when v/ = y^" db 1. Thorofore 
ZM^y''’" and Zo^-xxT'''" and similarly the other components of M and a accord iiig to 
(III, 49) and (III, 50) are different from zero only if only one Vi changes by =db=: 1 . 

Thus we see that in this approximation, that is, when higher terms in the do vdop- 
ments (III, 49) and (III, 50) and the anharmonicity of the vibrations are negglcstjted, 
only fundamentals can occur in the infrared and in the Raman effect. Only when 
higher terms and the anharmonicity are taken into account does the dipole nxoinent 
or polarizability associated with overtone or combination vibrations not viinis^li (ace 
subsection d); that is, these transitions have a much smaller intensity tliixii the 
fundamentals. 


Whether a certain fundamental Vi, that is, a 1-0 transition, actually occhi'h de- 
pends, just as in the classical treatment, according to (111,49) and (III, f>0), on 


whether at least one of the components of 


fdM\ 
\d^i )o 


and 


V3£./o 


respectively is dV-^OTerent 


from zero. This can be decided either in the elementary way indicated in the 
classical treatment (p. 245), or from the rigorous selection rules given in Tsi.l3le bfx. 
While this table gives the species of the components of M and «, it can also loo used 

/ dM\ 


to determine which components of 


and 


V aji Jo 


are zero, as follows. If 


\d^i Jo 

according to that table a certain component, say Mx of M or a^x of a, is aiorc) for 
a certain species, it means that ZMxlf''’" or as the case may be, i« zero 
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for the 1—0 transition of a vibration of this species, and therefore, since the first 

term in (III, 49) and (III, SO) is zero, that ( . as the case may 

be, is zero. 

l o predict the relat%ve tntensities of different infrared fundamentals of a molecule, one would need 
actually to calculate the ( ^ ^ ^ ^ . The intensity ratio of the fundamentals 

Vi in absorption is then given by the ratio of the quantities where the are ob- 

tamed from the ^ by means of (III, 49). In emission the factor vi would have to be replaced 

by vi^ l^see equation (I, 18) of Molecular Spectra I]. 

The intensity ratio of the (Stokes) Raman lines is in a similar way given by the ratio of the quan- 
tities (i' — where v is the wave number of the exciting radiation and v — vi is the 

wave number of the Raman line corresponding to the vibration vi. The are obtained from 

(III, 38) into which (III, 50) has been substituted .i®”' It must, however, be realized that the polariza- 
bility a (and therefore the amplitude of the induced dipole moment is independent of the 

incident frequency only when the latter is sufficiently small. If v is in the neighborhood of an ab- 
sorption frequency of the molecule, a will increase rapidly with v, and therefore the intensity of the 
Raman lines increases more rapidly with v than is given by the factor (y - vi)\ Both effects, the 
normal dependence on (r vi)‘^ and the stronger dependence on v in the ultraviolet when an absorp- 
tion region is approached, have been observed experimentally for CCI 4 [Ornstein and Rekveld (676) 
Sirkar (793) and Werth (917) J. For a more detailed discussion, see Placzek (700). 

The intensity ratio of the anti-Stokes Raman lines to the corresponding Stokes lines is mainly 
given by the Boltzmann factoi* e (.Gyiieii.r) ^ However, here again, for accurate determinations, the 
frequency factor, which is (r - vi)^ for the Stokes and (r -|- viY for the anti-Stokes lines, has to be 
taken into account. 

The absolute intensity of infrared fundamentals in absorption is given by [see for examole 
Mulliken (644)] 

ki = fki{p)dv = { [if ]it0j2. 


where ki is the integrated alisorption coefficient and N the number of molecules per cm® (y in cm“ 


or sec."’-). 


From this formula, if ki is measured, [[M]i’>® and therefore ( 


) may be obtained. 


\ dfi / 0 

that is, the slope of the curve (Fig. 74) representing the variation of M as a function of fi. Since 
the amplitude of vibration can easily be obtained, the absolute change of dipole moment connected 
with the vibration considered may be obtained. However, a direct and accurate determination of 
the true absorption coefficient is beset with difficulties on account of the small width of the fine 
struci.ure lines [[see for example Wells and Wilson (916)]. An indirect determination from the 
intiaied dispersion has been made for the case of GH.i by Rollefson and Havens (741). Calculations 
of the absolute intensity of Raman lines have boon carried out by Bell (134a). 


(rf) Overtone and combination bands 

General remarks. While transitions for which one Avi >• 1 or for which several 
Avi 7^ 0 (overtone and combination bands respectively) are in general much weaker 
than the fundamentals, they may yet be observed in infrared absorption by using 
sufficiently thick absorbing layers, and in the Raman effect by using sufficiently long 
exposure times. 

Overtone and combination bands for which lAPi] = 2 or SlAwi] = 2, that is, 
transitions in which either one vibration changes by two quanta or two vibrations 
by one quantum, are also called binary combinations; those for which |Ayi| = 3 or 

’®‘‘ Such calculations have recently been carried out for some halomethanos by Wolkenstein 
(949a) and for the dichlorolienzenes by Nordhoim and Sponer (673b). 
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ZIAi-il = 3 are also called ternary combinations; and so on. It is clear from an ex- 
tension of equations (III, 49) and (III, 50) to include mechanical and electrical 
anharmonicity (see p. 241) that, in general, ternary combinations are still weaker 
than binary combinations, and quarternary weaker than ternary, since they involve 
higher and higher approximations. To illustrate this, Fig. 79 shows schematically 
the structure of the infrared vibration spectrum of a triatomic molecule. (It might 
be compared with Fig. 31 of Molecular Spectra I, which holds for a diatomic mole- 
cule.) The spectrum consists of a number of progressions Avi = 0 , 1 , 2 , starting at 
every fundamental, binary combination, and so on, and consisting of nearly equi- 
distant bands of very rapidly decreasing intensity. However, this decrease is not 
always quite regular if the molecule has symmetry, since certain overtone and com- 
bination bands may be forbidden by the rigorous selection rules (see subsection b). 
In fact it may happen in certain cases that a fundamental may be forbidden while 
certain overtone and combination bands involving the same vibration are allowed. 

Overtone bands. For the overtone bands, the lower state is the vibrational 
ground state (4'v' is totally symmetrical) and, therefore, according to the general 
rule, p. 253f ., an overtone will be infrared active when at least one component of the dipole 
moment has the same species as the vibrational eigenfunction yj/f of the upper state, and 
it will be Raman active if at least one component of the polarizability has the same species 
as rl/n,' . The species of the eigenfunction of the upper state is obtained for non- 
degenerate vibrations from the rule given on p. 101 and for degenerate vibrations 
from Table 32, while the species of the dipole moment and the polarizability is 
obtained from Table 55 . 

For example, while the fundamental vzia-u'^) of a linear XY2 molecule is infrared 
active, its first, third, • • •, overtones (ws = 2, 4, • • •) have a i/'/ of species and 
are therefore infrared inactive (see Table 55) ; but its second, fourth, • • • overtones 
( 2^3 =3, 5, • * • ) have a xpv of the same species as the fundamental (S„+) and are 
therefore infrared active. On the other hand, according to Table 55, this funda- 
mental vz and its second, fourth, ■ • • overtones are inactive in the Raman effect, 
while the first, third, - ■ • overtones are Raman active. Thus we have an alternation 
of infrared and Raman activity in the progression vzvz (vz = 1, 2, 3, 4, • • - ), as indi- 
cated in Fig. 80. The same holds for all vibrations (degenerate or non-degenerate) 
that are antisymmetric with respect to a center of symmetry, for example, all 
infrared-active vibrations of plane X2Y4, linear X2Y2, and others, as i^ immediately 
seen from the g, u rule (p. 124) combined with Table 55. It also holds for the non- 
degenerate infrared-active vibrations of certain point groups without a center of 
symmetry: namely, of those for which the totally symmetric vibrations are inactive 
in the infrared; for example, for the vibration v^iaf') of plane XY3 (see Fig. 63). 
However, it must be realized that the converse alternation does not hold for the 
progression of overtones of Raman-active fundamentals. For example, for molecules 
with a center of symmetry all overtones of a Raman-active fundamental are Raman 
active, none infrared active. 

In the case of a non-linear XY 2 molecule (point group C^v) the totally symmetric 
fundamentals vi and V 2 , as well as the antisymmetric fundamental vz, are both infrared 
and Raman active. The same holds for all overtones (see Fig. 79). However, the 
levels with 2^3 = 1, 3, 5, • • • have antisymmetric (Bi) eigenfunctions while the levels 
with Vz — 0, 2, 4, • • • have totally symmetric eigenfunctions. Therefore, in the 
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ssriss v^vz tli6 dipole moment oscillates alternsitely in the Cz nxis nnd 
to it (see Table 55). The intensity in this series will, therefore, not vary as rogtilarly 
as in V 2 V^, the even overtones following a different curve from thh odd (compare 
the discussion of H 2 O in section 3a). 

In'the case of degenerate vibrations the upper states of the overtone are 

split into a number of sublevels whose species are obtained from Table 32, JTliere- 

fore, the overtone bands in 

general of a number of 
which lie close together. iB'U'fc only 
infrared i *-3 thosc sublovcls Combine wit-li the 

1 „^4 ground state whose species with 

! that of at least one component of the 

— ^ *' dipole moment (infrared spootrum) 
or of the polarizability (( 3Ei.n.man 
I »=2 spectrum). For example, in Su iiiole- 

I cule of point group Dzh (for instance 

{ j "T'*' c =5 cyclopropane, CsHe), accor cling to 

* « 1 • -J ■ ' Tables 32 and 55 all overtones of an 

X. on A f ^ infrared-active fundamental of species 

Fig. 80. Activity of overtones of certain non- , i 

totally symmetric vibrations.— Dotted lines repre- E' are active, but only the SU olOVels 

sent forbidden transitions. The intensity decrease gpecies E' combine with the ^;?round 
is much more rapid than shown by the height of ^ , t “ i 

the lines. state, that IS, the first and. second 

overtone have only one sut>-lband,” 
the third, fourth, and fifth only two. The overtones of an infrared-inactive funda- 
mental of species E" are also all infrared active, since the levels with even V£ have 
a sublevel E', those with odd Vi a sublevel Aif' (see Table 32). All these funda- 
mentals and overtones are Raman active, but the latter only with the sublevels of 
species Ax, E', and E". 

Just as for the fundamentals, from the occurrence or non-occurrence of certain 
overtones conclusions as to the point group to which the molecule belongs can be drawn. 
While infrared spectra have been widely used for this purpose (see section 3 of this 
chapter), in the case of Raman spectra overtones have only rarely been ob.served 
since even the fundamentals are very weak. 

The formula for a progression of infrared (or Raman) bands consisting of o, funda- 
mental and its overtones is obtained from the general vibrational energy formulae 
(II, 272) or (II, 284) for Go(vi, v^, • • •) by putting all Vi except one equal to zei*o- We 
obtain, therefore, if i refers now to the vibration considered. 


Fig. 80- Activity of overtones of certain non- 
totally symmetric vibrations. — Dotted lines repre- 
sent forbidden* transitions. The intensity decrease 
is much more rapid than shown by the height of 
the lines. 


J' - G^(0, 0, 


0) = (?o(0, 0, • * • • 0) 

= wfvi -t- x'livf 4- gulf + 


(III, 51) 


where the last term has to be omitted for non-degenerate vibrations. Since :vAii arid 
gu are small compared to caf, we have a series of almost equidistant hands. B''or de- 
degenerate vibrations hm (III, 51) takes the values Vi, — 2, • • • 0 or 1 (see x>. 210), 
but some of the corresponding sub-bands may be forbidden. It must be rc^alized 
that for polyatomic molecules, unlike diatomic molecules, irregular deviations from 
a smooth variation according to (III, 51) (possibly with a cubic term iu Vi) ixiixy occur 
fairly frequently on account of perturbations (see p. 219 and below). 
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The intensity distribution in a progression ViVi is determined by the curve that represents the 
variation of the dipole moment with the normal coordinate (Fig. 74) and the anharmonicity of the 
vibration. If the latter is known from the observed band positions, the observation of the absolute 
intensities of a series of overtones can be used to determine the variation of the dipole moment. If 
certain assumptions ai'e made about the functional form of this variation it is even possible, as was 
shown by Timm and Mecke (864) and Mecke (615) (616) to obtain the absolute value of the dipole 
moment of a bond such as the C — H and O — H bonds in a polyatomic molecule from these intensity 
measurements. 

It should also be realized that if the maximum of the curve representing the variation of the dipole 
moment (Fig. 74) is close to the equilibrium position of the nuclei, it may happen that the intensity 
distribution in a progression vivi may have a maximum at a point different from I'i — 1; that is, an 
overtone may be more intense than a fundamental. However, such a case has not as yet been 
definitely established. 

Summation bands. A combination band for which the lower state is the vibra- 
tional ground state of the molecule is also called a summation band, since its wave 
number in a zero approximation is the sum of the wave numbers of two or more 
fundamentals or overtones: 

V — ViVi -h VjVj + VkVj, -!-*••• (in, 52) 

The activity of these summation bands, like that of the overtone bands, is obtained 
by determining the species of the upper state but now from Tables 31 and 33 together 
with the rules given on p. 124, and seeing whether it agrees with the species of one 
of the components of the dipole moment or the polarizability in Table 55. It is 
particularly important that inactive fundamentals, when combined with other funda- 
mentals or overtones, may give active summation hands, just as overtones of certain 
inactive fundamentals may be active in the infrared or Raman spectrum or both. 
Conversely, certain combination bands may be forbidden even though the funda- 
mentals involved are allowed. For instance it follows immediately from the {g, u) 
rule (p. 124) that for molecules having a center of symmetry no binary combinations 
of infrared active fundamentals are infrared active. 

Consider as examples some summation bands involving the fundamental Vj^iau) 
of plane X2Y4 (the torsional oscillation), which is inactive both in the infrared and 
Raman spectrum. The upper state of v\{au) + viifiu) has species Uu X 6 im = Bxg, 
and therefore (see Table 55) ^4 + vi is allowed in the Raman effect, even though 
neither nor vj is allowed. The upper state of 2^4 +*'7 has species «« X&iu = Riw, 

and therefore 2^4 -h v^ is infrared active but not Raman active. It is thus seen 
that the frequencies of inactive fundamentals can be obtained from summation 
bands. On the other hand 2vt, whose upper state has species is forbidden 
both in Raman effect and infrared. 

The lower the symmetry of a molecule the fewer restrictions there are for the 
combination bands, as well as for the overtone bands. For axial XYZ3 molecules 
(methyl halides), for example, all combination bands (and overtone bands) are al- 
lowed both in the infrared and Raman effect, except that the sublevels of species Aa 
do not combine with the ground state. 

The wave numbers of the summation bands are given more accurately than 
according to the above zero approximation by (?o(iyi, vt, • • •) from (II, 284) or (II, 272) 
when the appropriate Vi are substituted. 

Influence of Fermi resonance. In general, as mentioned before, the intensity of 
the overtone and combination bands decreases very rapidly with increasing 23 1 Aa*! 
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(except when it is exactly zero because of syrametry). However, this state of affairs 
changes radically if a case of Fermi resonance occurs (see Chapter II, section 5c), 
for example when a state in which one vibration, say r*-, is doubly excited has nearly 
the same energy as the state in which another vibration is singly excited. As we 
have seen previously, if the states 2vi and Vk have the same symmetry, a perturbation 
of the energy levels and, at the same time, a mixing of the eigenfunctions occur. If 
without resonance 2vi and r* are infrared active (or Raman active), the fundamental 
Vk would, in general, have much greater intensity than the overtone 2vi. But if the 
interaction (resonance) is taken into account, the intensity of the two hands will he 
more nearly alike, since in S '4'v 4^%*' Mdr (or J' ipX" tx-dr) for ■f'v the “mixed” func- 
tions (II, 293) must now be substituted. In other words, 2vi will ^‘borrow’’ intensity 
from Vk. Its intensity may then become of the same order as that of a fundamental. 
If the resonance is complete, the two transitions will have the same intensity, which 
will be half the “original” intensity of v* (since the “original” intensity of 2vi was 
negligible compared to that of r*). 

Similar considerations apply, of course, if the resonance is between a state in 
which two different vibrations are singly excited (vi + ry) and a state in which only 
one vibration is singly excited (,Vk). Also, if there is resonance between, say, 3ri 
and 2vk, then the second overtone of Vi will have an intensity comparable with that 
of the first overtone of and similarly in other cases. If resonance exists between 
two combinations of the same order (for example, the two binary combinations 2vi 
and 2^3 of H 2 O; see p. 218) they will tend to have more nearly the same intensity 
than they would without resonance. 

If a state that is in resonance with another corresponds to the excitation of a 
degenerate vibration, a perturbation will usually occur only for one of the sublevels 
into which the state is resolved when anharmonicity is taken into account (see p. 217) 
and thus only one of the sub-bands will have an anomalously large intensity. For 
example, for CO 2 , where vx « 2^2 (see Fig. 71) the upper state of 2v‘z has the two sub- 
levels and Aj,, of which only the first is perturbed by the upper state of vx. 
Only the sub-band 2vz{'2.f^') borrows intensity in the Raman effect from vx, and, 
because of the closeness of the resonance, has almost the same intensity as vx, whereas 
the sub-band 2 ^ 2 (A^), which is also allowed in the Raman effect (see Table 55), has 
the normal (small) intensity of an overtone and has therefore not been observed. 

Difference bands. Finally, we discuss the case of absorption or scattering in 
which the initial state is not the vibrationless ground state. If the vibration vi is singly 
excited in the initial (lower) state and a transition takes place to a state in which the 
vibration r*(> vf) is singly excited, the frequency of the infrared absoi-ption band 
(or the frequency shift in the Raman spectrum) is equal to r* — Vi. Classically 
(see p. 241) this difference band should have the same intensity as the corresponding 
summation band r* -1- Vi. However, in quantum theory the intensity of Vk — Vi 
would be expected to be much smaller than that of -f Vi since the number of 
molecules in the initial state is much smaller, corresponding to the Boltzmann factor 
Q—ihcvifkT)^ In addition, the matrix elements J'4'f4/^”MdT or J'4'v'4^t"o^dT for the 
two transitions will be somewhat different although they will be both of the same 
order (both zero if the anharmonicity is neglected). 

When the rigorous selection rules are applied to a difference band r* — Vi, one 
finds easily that it is allowed or forbidden depending on whether the corresponding 
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summation hand Vk + Vi is allowed or forbidden: If the lower state is not the ground 
state, it is not the species of the eigenfunction of the upper state xf/f but the species 
of the product that must be the same as the species of one of the components 

of M or a, in order that the transition be allowed. But the product for Vk — Vi 

has obviously the same species as f/v for Vk + Vi, and thus if Vk + Vi is allowed (see 
Table 55) then Vk — Vi is also allowed. The same applies also in the case of other 
similar difference bands, such as 2vk — Vi, — Vi, • ' - , Vk + vi — Vi, • • r* — 2ri, 
Vk ~ Vi — Vj, and so on. 

Since the intensity ratio of a difference band to the corresponding summation 
band is approximately equal to the Boltzmann factor, such difference bands have been 
observed in the infrared and Raman effect only in cases where Vi is small (or, more 
generally, where the lower state is fairly near the ground state), since then the Boltz- 
mann factor is not too small (compare for example, the difference bands of CO 2 
given in Table 56). 

A somewhat different type of difference band is that for which one and the same 
low-frequency vibration is excited in the upper and lower state in addition to some other 
vibrations in the upper state.^^'^ In the simplest case, if Vk is excited by one quantum 
in the upper, but not in the lower state, whereas Vi is excited both in the upper and 
lower state by one quantum, we obtain a band that may be written Vk + vt — r,. 
This is represented in the energy-level diagram Fig. 81a. If there were no coupling 
between the two vibrations, this transition would have the same frequency as the 
fundamental Vk and also the same transition probability, since in both cases only 
Avk = 1. The intensity ratio of Vk + Vi — Vi to Pk is therefore equal to the Boltz- 
mann factor -^yhich gives the population of the state Vi — 1 relative to the 

ground state. In consequence of the coupling of the two vibrations, the band 
Vk + Vi — Vi will not exactly coincide with vk but will be displaced by a small amount 
so that it is actually observable. The intensity is also influenced by the coupling, 
but, like the frequency, only slightly, so that for small Vi when the Boltzmann factor 
is of the order of unity the intensity of Vk -h vc — vi is of the same order as that of 
the fundamental Vk (whereas the intensity of Vk — Vi was of the same order as Vk + Vi^ 
that is, much smaller than that of Vk)- 

If Vi is sufficiently small, bands Vk + 2j/i — 2vi, Vk + Svi — ‘^Vi may also have a 
sufficient intensity, to be observed, in spite of the smaller Boltzmann factor. As 
indicated in Fig. 81a, we then have a series of very nearly equidistant bands with 
rapidly decreasing intensity, which is the exact analogue of a sequence in a diatomic 
electronic band spectrum (see Molecular Spectra I, p. 171f.). If a sufficiently small 
Vi exists, such sequences should join not only onto every allowed fundamental band, 
but also onto every allowed overtone or combination band, that is, when Vk in 
Vk + Vi — Vi is replaced by 2vk, Vk d- vi^ and so on. The case in which Vk ~ Vi in 
Vk Vi — Vi is of course also possible. 

Bands of the type Vk + vi — Vi have been observed in a number of cases both in 
the infrared and Raman effect, for example, for CO 2 (see Table 56) and C 2 H 2 (see 
Table 68). Sequences with three members Vk, Vk + Vi — vi, Vk + 2vi — 2vi, where 
Vk is a second overtone, have been found in the photographic infrared, for methyl 
acetylene [Herzberg, Patat, and Verleger (440)] and pyrrole [Zumwalt and Badger 
(976)]. While in the former case the low-frequency Vi (343 cm~^) is known from 

Donniaon (280) calls such hands ** upper stage’* bands. 
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Raman data, in the latter case the intensity ratio of the bands in the sequence has been 
used to obtain from the thus derived Boltzmann factor the value of Vi (~650 cm“^). 



Fig. 81. Difference bands of the type vk + Vi — vi‘, (a) a sequence of difference bands, 

(b) Pi degenerate, (c) vi and vk degenerate. 

If the vibration Pi involved in the above-described difference bands is degonorale, some additional 
considerations are necessary. First of all, the intensity ratio of the band Pk + p% — vi to the band 
Vk is twice or three times as great as the Boltzmann factor, depending on whether the degree of de- 
generacy of Vi is 2 or 3, because the statistical weight is increased by this factor. For the higher 
members of a sequence vk 2j'i — 2ri, ■ • • , the intensity ratio to vk is still further increased compared 
to the non-degenerate case, because the degree of degeneracy of the states 2vi, 3vi, — is still higher 
(see p. 80f.), at least as long as the anharmonicity is neglected. Even if the anharmonicity is not 
neglected, the splitting of the bands of a sequence into sub-bands will, in general, not be obsoi’vablo, 
since it corresponds to the difference of the splitting of the sublevels in the upper and lower state. 

If both Vk and vi in the band Vk A vi — Vi are non-degenerate, the apx)lication of the rigorous 
selection rules (evaluation of or S^x.W'l'V'dr) leads to the same result for vk + Vi — Vi 

as for Vk (see above). If, however, vi or both vi and vk are degenerate, for some point groups, addi- 
tional components of the dipole moment and the polarizability may occur according to the rigorous 
selection rules. For example, for a molecule of point group Cg,, (for instance CHgCl), if vk has 
species Ai and Vi has species E, then both the upper and lower states of the band vk + vi — vi have 
species E (see Fig. 81b). According to Table 33, the product has the species Ai, A-t, E. Of 

these, according to Table 55, Ai gives a parallel band in the infrared (Af* 0) and a Raman line 
with aj:x 9^ 0, ciyy 5 ^ 0, otzz 9^ 0 (polarized Raman line; see below), as does vk alone, whereas E gives 
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a perpendicular band {Mz = 0) in the infrared and a Raman line with czxx — ocuy, otxy, ocxzt oLyz all 
different from zero (depolarized Raman line). Thus one and the same transition (rfc + vi — Vi) can 
take place according to the rigorous selection rule with two different species of the components of 
the dipole moment and the polarizability, that is (see Chapter IV), with two different rotational 
structures (and polarizabilities in the Raman effect). However, only the first of these two species 
of the transition would have the same transition probability as vh* This is easily seen from the 
series developments (III, 49) and (III, 50) since, if higher terms are neglected, the intensity of a 
transition in which only Vh changes by one unit (and such is the case for both vh and Vh + v% — vi) 


( dM \ / da \ 

I and I — - ) respectively, and these in the present case have species Jli. 
/O \d^k/Q 

Only in higher approximation, that is, with much smaller intensity, would the E contribution to 
the transition occur. 

If both Pk and vi for a molecule of point group Czv are of species E, the upper state of Vk + Pi — p{ 
according to Table 33 consists of the three sublevels Au ^ 2 , E^ whereas the lower state ia E (see 
Fig. 81c). There are three sub-hands for Ph + vi — W* Ax E, E, and E--^ E, For the first 

two, has species i?, and therefore these sub-bands are perpendicular bands {Mz = 0) in the 

infrared (or depolarized in the Raman effect), as is The sub-band E^^E^ as in the preceding 
case, can occur both as a parallel and a perpendicular band ; but in this case only the perpendicular 
component (depolarized Raman component) will have an intensity comparable with vk since Vk is a 
perpendicular band (or depolarized Raman line). Other cases, for other point groups, are similar. 

The formula for the positions of the difference hands in the infrared and for their 
shifts in the Raman effect is 


V = G(vx, v%, . • — G{v\", Vi 


•), 


(III, 53) 


where now G{vi', v^", • - •) G(0, 0, 0, • • •). It is noteworthy that, as a consequence, 

the wave number of a difference band r* — yi is exactly the difference of the wave 
numbers of the bands Vk and Vi, even if anharmonicity is taken into account, whereas 
the wave number of the summation band Vk + Vi is not exactly the sum of the wave 
numbers of Vk and Vi. In other words, the observation of difference bands supplies 
useful combination relations which may serve as checks on the vibrational analysis. 
Conversely, these difference bands may be used to determine, not only approximately 
as from summation bands, but accurately, the wave numbers of fundamental bands 


that cannot be observed directly, 
follows immediately. 


For example, from Vk — vi, if Vk is known, Vi 


(e) Polarization of Raman lines 

Placzek (700) has shown that the state of polarization of the scattered light can 
be obtained according to quantum mechanics, if in the classical formula (III, 21) 
[see also (III, 17) and (III, 20)3 the polarizability components ctxx, ot^y, • • • are 
replaced by the corresponding matrix elements , • • • • If / = v", 

we obtain from (III, 21) the degree of depolarization of the Rayleigh scattering if 
all molecules are in the state y"; if v' v", we obtain the degree of depolarization 
of the Raman line corresponding to the transition v' <->■ v". With the help of Table 
55 and the general selection rule that must have the same species as a, we 

can find out which components of [a]”'"" are different from zero for a particular 
transition and therefore can obtain some information about the state of polarization 
even without actual calculation of the \ • 

In the case of point groups without degenerate vibrations, Table 55 shows that 
ocxx, ctyy, and a^z are totally symmetric. Therefore, if is totally symmetric 

illaxxY^" + LayyT'’" + LdzzT^"] is different from zero while for 
non-totally symmetric it is zero. Consequently, according to (III, 21), the 
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degree of depolarization pn (for natural incident light) of totally symmetric Raman litics 
has a value between 0 and •f-, while for non-totally symmetric Raman lines, it is f-. 13 y 

totally symmetric Kaman lines we mean lines for which 'f/v'4'v" is totally syminetiric- 
Specializing to Raman fundamentals (tj/v' totally symmetric), we can therefore Bay 
that Raman lines corresponding to totally symmetric vibrations are polarized, t/i<fse 
corresponding to non-totally sy?nmetric vibrations are depolarized. As will be shown 
below, this rule holds also for molecules with degenerate vibrations. It must- be 
well understood that for the totally symmetric Raman lines pn may be close to 
and therefore observation of pn = 4' for a certain Raman line does not definitoly 
exclude the possibility that it is totally symmetric. However, an observatiorx of 
Pn < f does prove definitely that the Raman line is totally symmetric.” 



Fig. 82. Polarization in the Paxnan spectrum of CHCI 3 after Glockler.**"— Th(?> HpcM^trum iit tJio 
top was obtained with the analyzer transmitting only light polarized parallel to the i>laiii‘‘ ( sih 
S liming the z axis to coincide with the exciting beam) ; the Bpectrum at tlu?i bottom was oldMirnal w illt 
the analyzer transmitting only light polarized perx^endicnlar to the xy piano. 

* The author is greatly indebted to Professor G. Glockler for this Bpootrograxn. 

As in the classical theory, if the incident light is linearly polarized, tlie maximum 
degree of depolarization according to (III, 22) is pi — and the maximum degree ^ of 
reversal for incident circularly polarized light, according to (III, 23), is p„ == G. 

As an example, Fig. 82 gives the Raman spectrum of CHCb taken througli tin 
analyzer (a) when only light polarized parallel to tlie xy plane is transmitted, it ml 
(b) when only light polarized perpendicular to it is transmitted, assuming tha,t him 
z axis is in the direction of propagation of the incident beam. It is stam that the re'; in 
a noticeable difference of intensity in the two exposures for Av — HGG, GGS, and 3011) 
cm~^, whereas for the other Raman lines it is approximately tl»e same. The latte i- iire 
depolarized and correspond to non-totally symmetric vibrations (see Table 8G, j). 3 1 (’i ) , 

As stated previously, for totally symmetric Raman lines a in J'a4'/'4'V'dT must 
be totally symmetric. In the case of molecules of the cubic point groups iTd, 
Oh ' ’ this means that a must have cubic symmetry and thereforci the i>ola.rizal>i li ty 

Even this last statement is not without exception since a strong C<jrioliH coupling: of a ikhi- 
totally symmetric with a totally symmetric vibration (see Chapter IV) may lead to a lowcridj* j,f 
the degree of depolarization of the non-totally symmetric Raman line below the value r- 
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ellipsoid must be a sphere, that is, cxxx — otyy — olzz while oL^y — oixz — oi-yz == 0 (se® 
also Table 55). Consequently the anisotropy 0 in (III, 20) is zero and thus, according 
to (III, 21), for the cubic point groups, the totally symmetric Raman lines are completely 
polarized (pn = 0, pi — 0, pc = 0), in agreement with the previous classical considera- 
tions. The same holds, of course, for the Rayleigh scattering. For all other molecules, 
that is, for all non-cubic point groups, the degree of depolarization of the totally sym- 
metric Raman lines is intermediate between 0 and y. 


The above-mentioned conclusion that for molecules with degenerate vibrations as well as for 
those without degenerate vibrations all but the totally symmetric Raman lines are completely 
depolarized {pn = f) is obtained in the following way: For those Raman lines for which has 

a species that occurs only for oixy, olxz, or ocyz the previous proof, given for molecules with non- 
degenerate vibrations only, can be applied without change. If has a species agreeing with 

one of the species of olxx, <xyy, and azz^ we have to remember (see p. 256) that, for axial molecules, 
of the two species of cxxx and (Table 55) the totally symmetric one (Ai, S"*", Ai\ AiOf • * *) corre- 
sponds to <xxx + o£yy whereas the other (jB, Bu J^ 2 , A, E\ • • •) corresponds to exxx o^yy (and 2 <Xx 7 /)* 
Therefore, for these non-totally symmetric species, ocxx + 0 : 2 / 7 / = 0 since also == 0 (oczz always 
being totally symmetric for axial molecules), it follows that === i(oxx + Oyj/ + ozz) = 0; that is, 
the corresponding Raman lines are depolarized (p 7 i = v). In the case of the cubic point groups, it 
can be shown [^see Placzek (700) and Tisza (867) ] that axx + Oy^/ + Ozz = 0 for E and JSg respectively. 

Just as in the case of intensity calculations (see p. 261), for actual calculations of the degree of 
depolarization one would substitute the expansions (III, 50) into (III, 17), (III, 20), and (III, 21). 
Since = 0 if y' ^ and since in first approximation (that is, for the fundamentals) only 

one term of the sum on the right-hand side of equation (III, 50) is different from zero, it follows 
immediately that (III, 21) goes over into (III, 26), the classical formula for the degi*ee of depolariza- 
tion of the Raman lines, which depends only on the ( — ^ ),•••» that is, on the com- 

\ \ /o 


ponents of the change of polarizability for the normal vibration considered. The above general rule 
about the polarization of Raman lines could be obtained from (III, 26) in a way perhaps more easily 
visualized, but the i‘esult would be leas general since it would hold only for the fundamentals. Ca- 
bannes and Rousset (191a) have calculated, under certain simplifying assumptions, for CO 2 , CS 2 , 

CO3 — , and CflHo the quantities . , — , and from them the degree of depolarization. In all cases 

the calculated values are rather larger than the observed. More recently similar calculations have 
been carried out for some halomethanes by Wolkenstein (949a) and for the dichlorobenzenos by 
Nordheim and Sponer (673b). 


3. Individual Molecules 

The vibration spectra of a large number of polyatomic molecules have been 
investigated, both in the infrared and in the Raman effect. In this section we shall 
illustrate the theory, as developed in the two preceding sections, by a discussion of 
the vibration spectra of a number of molecules, containing up to twelve atoms, for 
which adequate data are available. All the more important molecules of this type 
have been included and, as far as possible, the data have been brought up to date; 
also, an attempt has been made to clear up, or at least point out, the numerous 
inconsistencies that exist in the literature. The tables of observed bands give the 
wave numbers which, in the opinion of the author, are most reliable. For the mole- 
cules not considered in detail, at least references to the original papers are given. A 
somewhat similar discussion of individual molecules has been given by Wu (26) 
[^see also the tables by Sponer (22) and the collections of Raman data by Kohlrauseh 
(14) and Hibben (10)]* 

The numbering of the fyndamentals has been uniformly chosen in accordance with 
the practice followed in Chapter II. The vibrations are grouped according to their 
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species, which are taken in the order given in Tables 12-30. The largest totally 
symmetric frequency is called pi, the second largest V 2 , and so on. If there are / 
such vibrations, the largest frequency of the next species is called Vf+i, and so forth. 
Only one exception to this rule is made: in the case of linear XYg and XYZ molecules 
the perpendicular vibration is always called V 2 in agreement with a long-established 
custom. In order to differentiate vibrations of different species the species symbol 
is usually added in parentheses, for example PaCap), vsibiu), •• •, small letters being 
used for fundamentals, capital letters for overtone and combination bands. The 
degeneracy of the upper state is also immediately given by the symbol since e, E, ir, 
n stand for doubly degenerate, f and F for triply degenerate species.^^ For reasons 
given previously it did not appear advisable to use different symbols (v, 5, r as used 
by many authors) to distinguish stretching, bending and twisting vibrations. If it 
is desirable to indicate this character and at the same time to indicate in which group 
the vibration occurs a superscript is added to the symbol thus: is a C — G 

stretching vibration of species Ag; vi^^ibsu) is a CH 2 deformation (bending) vibration 
of species Bsu’, and so on. In the tables given in this chapter the wave numbers of 
fundamentals are printed in heavy type in order to distinguish them clearly from 
other bands. 

Original measurements in the infrared carried out before 1939 have neglected the 
vacuum correction of the wave numbers [[see Dennison (280)]. Even though this 
correction is small (0.82 cm“"^ at 3000 cm"~^), an exact fit of combination differences 
and an exact agreement with Raman data cannot be expected without introducing it- 
Therefore this correction has been applied in all the following tables wherever it 
changes the last significant figure given. Unfortunately, in some papers even after 
1939 it is not clearly stated whether I'vaeuum or Vair is given. 

In some cases, in the following discussions, we shall have to anticipate the results 
of the investigation of" the fine structure of the infrared bands (see Chapter IV) in 
so far as they tell us the direction of the change of dipole moment. 

(a) Triatomic molecules 

Carbon dioxide, CO 2 . One of the most frequently and most thoroughly studied moloeulcs is 
the carbon dioxide molecule. Fig. 83 gives the more important sections of the observed infrared 
absorption spectrum under small resolution. Two extremely strong absorption bands at 667,3 and 
2349.3 cm~^ stand out. In the Raman spectrum, under low resolution, only one strong band at 1340 
cm~^ is found. This and the two strong infrared bands must be considered as fundamentals. Since 
any triatomic molecule has only three fundamentals, the above are the fundamentals of CO 2 . As no 
one of these occurs both in the Raman and in the infrared spectrum, it follows from the rule of 
mutual exclusion (see p. 256) that the molecule must have a center of symmetry. For triatomic 
molecules, this implies that the molecule is linear and symmetric. 

It should be emphasized that conclusions of this type should be drawn with caution. Even in 
a completely unsymmetric molecule, the various fundamentals do not all have the same intensity 
and certain fundamentals may not have been observed in the infrared or in the Raman effect simply 

^ A number of authors indicate the degeneracy by a superscript 2 or 3' in front of r, 5, t used 
for designating the vibrations: ^v, ^v, ^5, — . Since for the electronic states of both molecules 

and atoms such superscripts are generally used to indicate spin multiplicity, this practice has not 
been adopted here. Many authors have used tt (from parallel) and cr (from the German senkrecht 
meaning perpendicular) in Vir, v<rt 5^-, 5(r, • . . to indicate whether or not a vibration is symmetric 
with respect to an axis of symmetry. The use of the complete species symbols makes this superfluous. 
For this reason and also since the use of w and a does not seem to lend itself to a consistent scheme 
applicable to all molecules, it has not been adopted in this book. The tt and <r just mentioned have 
of course nothing to do with the species symbols tt and tr used for linear molecules. 
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because they are too weak, and not because tliey are forbidden on account of a certain symmetry 
property of the molecule. In the present case, however, the above conclusion has been confirmed 
in many different ways, such as the lack of a permanent dipole moment, the rotational Raman 
spectrum (see p. 21), the fine structure of the infrared bands (see p. 384), and the activity of the 
overtone and combination bands, 

A closer inspection of the spectrum in Fig. 83 shows (see Chapter IV, section 1) that the band at 
6(37.3 is a perpendicular band (species IIu of the dipole moment, Mz = 0, strong central maximum). 



Fia. 83. Parts of the observed infrared absorption spectrum of CO 2 under low dispersion 
[according to Martin and Barker (602) and Barker and Wu (113) — The equivalent absorbing paths 
at atmospheric pressure in (a), (b), and (c) are 0.23, 0.10 and 560 cm. respectively. 


whereas the band at 2349.3 cm*™^ is a parallel band (species of the dipole moment, central mini- 
mum). This identifies the low frequency as 3 ^ 2 , the high frequency as ra (see Fig, 25b). Investiga- 
tions with higher dispersion show also that the intense Raman ‘Tine^’ at 1340 cm~^ (which should be 
yi) really consists of two lines at 1285.5 and 1388.3 with an intensity ratio 1 : 0.59 [see Hanson 
(409) and Langseth and Nielsen (550)], This observation is less easily explained, since one would 
expect j ust one Raman line corresponding to n. However, the average of the two observed Raman 
lines agrees very closely with double the low frequency ^ 2 - If 2v-z is very close to vu a Fermi resonance 
is to be expected (see p. 217), which will lead to the occurrence of two almost equally intense Raman 
lines instead of one, as is observed. Then, however, we cannot say that one Raman line is vi the other 
but both arc mixtures of vi and We write 2^2^, since only the one component with ? = 0 of 

the state 2vt takes part in the resonance. The other component 2v*^ (I — 2, species A^) would also be 
allowed in the Raman effect according to the rigorous selection rules (Table 55), but as an overtone 
it is much weaker than a fundamental and is not observed. 2 p 2 ^ appears strongly only because of 
resonance with a fundamental. The degree of depolarization of the two strong Raman lines is small 
[p ~0.18 and 0.14, respectively, according to Langseth and Nielsen (556)] in agreement with the 
assumption that both upper states are totally symmetric (iS (/■’"), whereas the line 2yz^^ if it occurred, 
would be completely depolarized. 

The above interpretation of the strongest Raman lines and infrared bands is confirmed in every 
way by an investigation of the overtone and combination bands, partly represented in Fig. 83b, 
[Adel and Dennison (37), Dennison (280)]. In Table 56 we give all the observed infrared and 
Raman bands together with their interpretation [mostly according to Adel and Dennison (37)]. It 
should be noted particularly that no overtones 2 j /3 and (which would lie approximately at twice 
and four times the frequency 2349.3) have been observed in the infrared, although and Si's are 
observed, in agreement with the rigorous selection rules, the states 2 ^ 3 , 4x^3 having species 2^“^ while 
3^3 and 5^3 have Similarly, no overtones 2^2, 4^2 occur in the infrared, but the combination 

bands 2^2 + ^ 3 , 2^2 — P 2 and others do. 
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TaBLU 56. INFKARBB AND’ KaMAN BANPS OF GABEOtTS CX)2. 


J'vacuumi 

obHerved 


Upper state^"* 

Lower state^'^ 

V, 

Rcfcrenc^es 






cahnilatedi® 

(cm“"i) 

Band typc^'^ - 





(cTn“^) 



Species 

?ji vz 

Species 


667.3 

I. X T.S. 

0 1^ 0 

11 « 

0 0 ® 0 

•v + 

667.3* 

(602) 

1285.516 

H. poL v.s. 

f 

0 2® 0 


0 0® 0 

y + 

Wf, 

1285.8 

(287) (555) 

1388.310 

K. pol. v.s. 

1 

1 0® 0 


0 0® 0 

V' -f- 
^{f 

1388.1 

(287) (555) 

1932.5 

I. JL ni- 

I 

0 31 0 

n„ 

0 0® 0 

y + 

1931.9* 

(602) 

2076.5 

I. ± m. 

[ 

1 P 0 

n„ 

0 0® 0 

y + 

2077.1* 

(602) 

2284.5 

I. 11 Ci*02i6 

0 06 1 

y) + 

0 0® 0 

^f/ 

(see p. 230) 

(653) 

2349.31’ 

1. 11 v;s. 

0 06 1 


0 0® 0 

-^0 

2349.4* 

(602) (192) 

3609 

1. 11s. 

1 

'0 2® 1 

y, 

0 0® 0 

A- 

3613.2 

(103) 

3716 

I. 11s. 

i 

1 0® 1 

y -h 

0 0® 0 

V + 

3715.6 

(103) 

4860.5 

I. 11m. 


'0 40 1 

'S 

0 0® 0 


4852.8 

(113) (34a) 

4983.5 

I. 11 m. 


1 2® 1 

v* H- 
u 

0 0® 0 

y 4- 

4981.4* 

(113) (34a) 

5109 

I. 11m. 


2 0® 1 


0 0® 0 

y 4. 

MJg 

5104.3 

(113) 

6077 

I. 11 w. 


0 6® 1 

y H- 

0 0® 0 

s„-'- 

6074.5 

(113) 

6231 

I. 11 w.- 


1 4® 1 


0 0® 0 


6231.4 

(113) 

6351 

I. 11 w. 

< 

2 2® 1 

’V H- 

0 0® 0 

V -1- 

6354.4 

(113) 

6510 

I. 11 w. 


3 0® 1 

y. 4. 

0 0® 0 

y -j. 

0518 9 

(113) 

6976 

I. 11 w. 

0 0“ 3 


0 0® 0 

y 

^g 

6973.1 

(113) 

8193 

P.I. 11 V-W. 

Jo 2 « 3 


0 0® 0 

y "H 

8192.9 

(444) 

8293 

P.I. 11 v.w. 


11 0® 3 

y 4- 

0 0® 0 

y\ 

8295.5 

(444) 

11496.518 

P.I. 11 v.w. 

0 06 5 

y\ 4 - 

■0 0® 0 

y .{. 

"f/ 

11496.5* 

(30) (37) 

12672.418 

P.I. 11 v.w. 


JO 2® 5 


0 0® 0 


12672.4* 

(30) (37) 

12774.718 

P.I. 11 v.w. 


U 0® 5 


0 0® 0 

,0 4- 

M^g 

12774.7* 

(30) (37) 

618.1 

• I. _L ni. 

0 2« 0 


0 ll 0 

n„ 

618.5 

(602) 

668.3 

I.. X 

0 2* 0 

Aa 

0 11 0 

n« 

668.1* 

(602) 

720.5 

I. J_ m. 

1 0® 0 

Sr-*- 

0 11 0 

n„ 

720.8* 

(602) (34) 

1264.816 

R. m. 


fo 31 0 

n„ 

0 ll 0 

llu 

1264.6 

(287) (555) 

1409.016 

R. m. 


ll P 0 

Hu 

0 11 0 

IIu 

1409.8 

(287) (655) 

1886 

I. X w. 

0 4« 0 


0 11 0 

II,. 

1880.1 

(113) 

2094 

I. X m. 

1 2’ 0 


0 P 0 

ll,. 

2094.9 

(113) 

2137 

I. X m. 

2 0“ 0 


0 P 0 

ll,.. 

2131.5 

(113) 

596.8 

I. X w. 

0 31 0 

llu 

0 28 0 

A„ 

596.5 

(602) 

647.6 

I. X w. 

0 31 0 

IT u 

0 2® 0 


640.1 

(602) 

740.8 

I. X w. 

1 0 

n. 

0 28 0 

A„ 

741.7 

(602) 

790.8 

I. X v.w. 

1 0 


0 2® 0 

2 + 

~'u 

791.3 

(602) 

960.8 

I. 11 w. 

0 0 1 

V* -h 

ll 

fl 0® 0 

V + 

961.3 

(108) (34) 

1063.6 

I. 11 w. 

0 0 1 


\o 2 ® 0 

•S' + 

-’ll 

1063.6* 

(108) (34) 

124216 

R. w. 

0 48 0 


0 28 0 

A„ 

1248.0 

(555) (409) 

1305.116 

R. v.w. 

0 48 0 

A, 

0 2® 0 


1297.6 

(556) 

1325.0 

R. v.w. 

? 


? 


V20 

(556) 

1344.116 

R. v.w. 

1 2® 0 


0 28 0 

A,; 

1340.4 

(555) 

1369.416 

R. v.w. 

1 28 0 

A„ 

1 0® 0 


1374.1 

(555) 

143016 

R. w. 

1 28 0 

A„ 

0 28 0 

An 

1426.8 

(555) (409) 

1528 

■ y 

R. w. 

2 0® 0 

y 4- 
^0 

0 2® 0 

■%'' +■ 

1513.0 

(555) (409) 


^^3 I. = infrared band, R. = Raman line, P.I. = photographic infrared band, pol. = polarized, 
11 = parallel band (species ± = perpendicular band (II,,), v.s. = very strong, s. = strong, 

m. = medium, 'w. = weak, v.w. = very weak. The intensity estimates for infrared bands are only 
valid for bands in the same region. 

Levels connected by braces are in Fermi resonance (see text) . 

An asterisk indicates the bands that have been used to set up the formula by means of which 
the others have been calculated. Slight differences between these starred calculated values and the 
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_ In Fig. 84 a diagram of all the observed vibrational energy levels of the CO 2 molecule is given 
The observed transitions are also indicated. The resonance between and 2g, is of course repeated 

fable 56 and by medium weight solid lines or small arcs in Fig. 84. The quantum numbers given 

f Tt T "^^P^rturbed level that preponderates, at least somewhat, in the mixture 
that the actual level represents. 

It is noteworthy that the 02=*0 A„ sublevel of 2,.2 which does not resonate with has been ob- 
irvllf2l"/3^vt half-way between the resonating 



I® Average of the measurements given in the two references quoted in the last column. 

Recalculated by the author, 

18 Those are the Venus bands found by Adams and Dunham (30) and interpreted by Adel and 
Dennison (37). 

1 ® Adel and Dennison (37) and Adel (31) considered these linos as spurious. They seemed to 
believe that a transition cannot occur in the Raman effect. It is, however, allowed accord- 

mg to the rigorous rules (see Table 65) . 

“ This is an extremely weak Raman line. 
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It can be seen immediately from Fig. 84 that, if the interpretation of the observed l>mi.ds is 
correct, there should be a number of accurately fulfilled combination relations. For examjjlts : 

i/(0F0 00°0) + K02«0 01^0) == ^(0200 -6- OOOQ) ; 
j/(01^0 ^ OOOO) + 1/(1000 OM) = j/(1000 -e- OOOO) ; 

j/(0200 -f- 0000) + *<(0001 ^ O20O) = j/(0001 OO^O) ; 

i -(1000 0000 ) 4 - y( 000 l -H- lOOO) = r (0001 -f- OOOO). 

The observed figures for the left sides are 1285.4, 1388.0, 2349.1, and 2349.1 as compared "to 1285.5, 
1388.3, 2349.3, and 2349.3 for the right sides. This perfect agreement must be considered a strong 
proof for the correctness of the interpretation of the CO 2 spectrum and in particular of "the two 
Ra man lines by Fermi resonance. Other combination relations can easily be read from 84. 

As has been mentioned previously (p. 218), the non-resonating levels of CO 2 can be repi'osonted 
by a formula of the type (II, 287), while for the representation of the resonating levels one furtlier 
constant lF‘ioo; 02 ®o Cwhich depends on the potential constant ai 22 : see equation (II, 296) 3 is necosaary. 
Dennison (280) has obtained the following values®^ for the wi, xik, and ori in (II, 287) and I 4 ''ioo; 02 “o: 

0)1 = 1351.2, 0)2 = 672.2, 0)3 = 2396.4 cm~^ 

3)11 = - 0.3, 0)22 = - 1.3, 2)33 = - 12.5, a:i2 = 5.7, 0:13 = - 21.9, CHI, 54) 

X23 = — 11.0, ^22 = 1.7, IFioo;02®o = 50.4 cm”^. 

If, on the basis of these values for the vibrational constants, the vibrational energy levels are calcu- 
lated according to (II, 287) and (II, 291), and from them the wave numbers of the bands, iilio data 
given in the seventh column of Table 56 are obtained, where an asterisk is added to those values that 
have been used in calculating the constants. The agreement of the calculated positions with the 
observed for the bands not used for the determination of the constants is very satisfactory. In 
fact, the CO 2 molecule seems to be the only case in which such a complete set of data and sucli a veiy 
satisfactory agreement has been obtained. From the above constants Adel and Dennison. (S7) and 
Dennison (280) have calculated the anharmonic potential constants, that is, the coefRcierits of the 
cubic and quartic terms in the expression for the potential energy [see also Redlich (727) [J. 


^®^hon disulfide, OS 2 . Recause of its similarity to CO 2 and because of its zero dipole nc'iomcnt, 
one would expect CS 2 also to be a linear symmetrical molecule. While this conclusion is dtsfinitely 
confirmed by the rotational structure of the infrared band 2183.9 cm“i [Sanderson (761) □ und of 
the electronic bands [Liebermann (578) 3, it would not follow unambiguously from the pvu'o vilirn- 
tional spectrum. But the latter can be well understood on the basis of the assumption t-Iiat the 
molecule is linear and symmetrical. Table 57 gives the observed spectrum. The two by far strongest 
infrared bands are 396.7 and 1523 cm~\ and they have therefore to be interpreted as the two aetivo 
fundamentals V 2 and vz (the incompletely resolved structure shows definitely that the former' is a X , 
the latter a |1 band). The strongest Raman line (of liquid CS 2 ) corresponds to 656.5 cm“*^, and iri 
aU probability this is the third fundamental vi. The other observed infrared and Raman fc>a,iidH can 
easily be interpreted as combinations of these fundamentals (see Table 57 ). However, tho infrared 
spectrum has not been observed as yet to sufficiently short wave lengths, and with sufliciontly 
thick layers, to be quite sure that 2 »' 3 , 4v3, vs + vz, — are really absent as they should l>o if the 
molecule is linear and symmetrical. Furthermore, the frequency vz = 396.7 has been oliaervcd 
[Venkateswaran (895), Wood and Collins (953)3 in the Raman spectrum of liquid CS 2 , although 
very ^eaMy compared to the other Raman lines, whereas if the molecule were linear and symnactrical 
It would be strictly forbidden. The selection rule forbidding it holds rigorously, however, only for 
the free undisturbed molecule and may be somewhat less rigorous in the liquid when the molecule 
IS acted upon strongly by other neighboring molecules. While this explanation is very probably 
correct. It must be admitted that the Raman spectrum of gaseous CS 2 has not yet been invo«tigated 
with sufficiently long exposure time to be sure that vz is really absent. On the other hanX, the ob- 
servation of o^y two active fundamentals in the infrared would bo difficult to explain exoept by 
assuming the hnear ssunmetric model. ^ ^ 

The fact that in addition to vi three further weak Raman lines (apart from vz) occur is due to 
two reasons similar to those responsible for the weak Raman lines of CO2. First, a Fermi resonance : 

21 The constant S that is also necessary for obtaining the energies of the resonating levels is given 
by (7(1, 00 . 0 ) - (7(0, 20 . 0 ) = 16.7 cm"! (see p. 218). W, 00 : 02 % is Dennison’s 5/V2. 
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the Raman line 796.0 is very nearly 2v2\ however, such an overtone would be expected to be very 
weak if it were not strengthened considerably by a resonance with vu The resonance is much poorer 
here than in the case of CO 2 , and therefore the two lines 656 and 796 have rather different intensities. 
Second, the lowest frequency >^2 of CS 2 is so small that at room temperature a considerable fraction 


Table 57. infkared and Raman bands of CS 2 - 


^vacumn 


Upper state 

Lower state 


observed 

Band type^3 





References 





(cm"!) 


^1 '^’2^ 

Species 

-«1 Vs 

Species 


396.7 (gas) 

I. (+R.)2» ±s. 

0 0 

Rm 

0 QO 0 


(285) 

656.5 (liquid)^** 

0 
) — • 

m 

1 0° 0 


0 0“ 0 

s,+ 

(558) 

796.0 (liquid)=‘‘ 

R. x^oL w. 

0 20 0 

y 4- 

0 00 0 


(558) 

1523 (gas) 

I. 11 s. 

0 QO 1 


0 00 0 


(80) 

2183.9 (gas) 

I. 11 w. 

1 QO 1 


0 0“ 0 

V H- 

(761) 

2329 (gas) 

I. ? v.w. 

0 20 1 


0 0® 0 

y\ -1- 

(80) 

648.3 (liquid) 

R. w. 

1 1^^ 0 

n„ 

0 11 0 

II^ 

(558) 

804,9 (liquid) 

R. v.w. 

0 31 0 

n„ 

0 11 0 

R w 

(558) 

878 (gas) 

I, ? v.w. 

0 0® 1 


1 0® 0 

2.+ 

(80) 


of the molecules is in the 01^0 IIw state and therefore the 1-1 transitions corresponding to the two main 
Raman lines have appreciable intensity: they are the lines 648.3 and 804.9 cm“^. In agreement 
with this interj)rotation they disappear, at low temperatures, in solid CS 2 |[Sirkar (794)]]. Two 
further very weak and doubtful Raman lines (not given in Table 57) have been interpreted by Giulotto 
and Caldirola (363) as due to the isotopic molecule CS^S^^. 

Nitrous oxide, N 2 O. The molecule N 2 O has the same number of electrons as CO 2 and one might 
therefore also expect a linear symmetrical structure. However, the vibration and the vibration- 
rotation spectrum show unambiguously that the molecule, although linear, is not symmetrical, but 
has the form N — N — -O. The three strongest infrared bands are at 588.8, 1285.0, and 2223.5 cm""^, 
increasing in intensity in this order [[Plyler and Barker (703)]. Because of this intensity relation, 
and because of the numerical values, none of these bands can be interpreted as an overtone or com- 
bination band. Thus there are three infrared-active fundamentals. This fact alone proves that 
N 2 O cannot have a center of symmetry. This is confirmed by the Raman spectrum which (apart 
from several weak lines) consists of two strong lines with displacements of 1286.5 and 2223.2 cm“^ 
[Langseth and Nielsen (554)], thus agreeing with two of the infrared fundamentals, whereas if N 2 O 
had a center of symmetry only one fundamental should appear in the Raman spectrum and this 
fundamental should iiot appear in the infrared. For linear unsymmetric N 2 O (point group Ccov), 
all three fundamentals are Raman (and infrared) active. The absence in the Raman spectrum of 
the third low fundamental, which as shown by the structure of the infrared band is the perpendicular 
vibration v% is no contradiction to the assumed model, since quite generally the non-totally sym- 
metric fundamentals are weak in the Raman spectrum compared to the totally symmetric funda- 
mentals (see p. 399). The linearity of the molecule is proved unambiguously by the fine structure 
of the infrared bands. In this connection it is particularly significant that the band 2x^2 is a |1 band 
whereas is a X band, as it should be for a linear molecule. 

The interpretation of the other weaker observed infrared and Raman bands is given in Table 58. 
The two Raman bands at 11()7.() and at 1185 are quite weak compared to the two main 
Raman bands; yet they seem to l)e rather too strong for overtones. In the case of the former band, 
Fei'mi resonance with vi at 1285. 0 is very probably the reason. This is confirmed by the 


On p. 274. 

More recently Giulotto and Caldirola (363) have given Raman frequencies that are all ap- 
proximately 2.2 cm""! srnaller than Langseth, S0rensen, and Nielsen's values given in the table. 

^3 See text. 

Also observed in gaseous CS 2 (though with less acciaracy) by Imanishi (466). Liebermann 
(578), from the ultraviolet spectrum of the gas, obtained = 801.89 cm""!. 
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anomalously large intensity of 2v^ in the infrared, where it has as much, as half the intensity of the 
fundamental, whereas 3v2 for which no resonance occurs is not even observed, although other bands 
with the intensity of 2 v 2 ° have been found in the particular spectral region. 


Table; 58, inprabed and Raman bands of gaseous N 2 O, after Plylek A>ro 
Barker (703) and Langseth and Nielsen (654). 


^vacuum»^^ 

observed 

(cm~^) 

Band type^^ 

Upper state 

Lower 

state 

u nib 

ci^lcnila-ted 

V*/ ^3 

Species 

] 


Si)ecies 

588.8 

I. _L s. 

0 1 ^ 0 

n 

0 0 ® 0 

2+ 

588.8* 

1167.0 

I. 11 m. R. v.w. 

0 2« 0 

s+ 

0 0® 0 


1157.0* 

1185 

R. v-w. 

0 22 0? 

A?26 

0 0® 0 

2 + 

1179.1 

1285.0 

I. 11 V.S., R. v.s. 

10 0 

2+ 

0 0® 0 

2+ 

1285.0* 

1867.5 

I. JL w* 

1 11 0 

II 

0 0® 0 

2 + 

1878.527 

2223.5 

I. 11 V.S., R. s- 

0 0 1 


0 0® 0 

2 + 

2228 5* 

2461.5 

I. Ilm. 

i 2® 0 

s+ 

0 0® 0 


2461.6* 

2563.5 

L 11 m. 

2 0 0 

2+ 

0 0® 0 

2 + 

2563.6* 

2798.3 

I. J_ w. 

0 11 1 

n 

0 0® 0 

2 + 

2799-8 

3365.6 

I. 11 W, 

0 2® 1 

s+ 

0 0® 0 

2 + 

3365.6* 

3481.2 

Llim. 

1 0® 1 

s + 

0 0® 0 

2 + 

3482.3 

4419.5 

I. 11 w. 

0 0® 2 


0 0° 0 

2 + 

4419.5* 

4734.7 

L 11 w. 

2 0® 1 

s+ 

0 0® 0 

V y 

4734.7* 

579.3 

L ± m. 

0 2® 0 

v + 

0 11 0 

11 

578.2 

590.3 

I. JL m. 

0 22 0 

A 

0 11 0 

II 

51)0-3* 

1282 

R, v-w. 

1 11 0 

11 

0 11 0 

11 

1289.7 

1828 

I. _L v.w. 

(1 2® 0 

s+ 

0 11 0 

n 

1872.7)28 

1844 

I. X v.w. 

(1 22 0 

A 

0 11 0 

IT 

1884-8)28 

2210 

R, v.w. 

0 11 0 

II 

0 11 0 

n 

2211.0 

2776 

I. X v.w. 

0 2® 1 

2+ 

0 11 0 

II 

2776.8 

2785 

I. X v.w. 

0 22 1 

A 

0 11 0 

II 

2788.9 


Pi*Gm the positions of the observed bands, neglecting resonance terms, the constarxtH in the 
formula (II, 284) for the vibrational energy levels are found to be (in cm~^) : 

1288.25, <020 = 588.05, = 2237.25; 

a:ii = - 3 . 25 , a;22 = - 2.28, .raa = - 13.7r,; (HI, 65) 

2:12 = + 4.76, 2:23 = - 12.4s, Xtz = - 26.16, O22 = + 3.O3. 

The calculated v^ues for the positions of the Raman and infrared bands on tho basis of thoBcs (* 011 - 
stants are given in the last column of Table 58. The wave numbers of bands that have been used 
in evaluating the constants are indicated by asterisks. The agreement for some of the othoi- bunds 
i^not as good as for CO 2 , which is to be expected because of the neglect of the influence of resonance. 
Prom the above wi® and Xik the zero-order frequencies cof are found, according to (II, 285) , to bo 


wi = 1299.83 cm 1, <02 = 596.46 cm~^ wj = 2276.53 cm~^ (III, 56) 

These values might have to be changed slightly if resonance is taken into account. 

i®Onp. 274. 

ffipor bands occurring both in the infrared and Raman spectrum, the wave number fourul in 
the infrared (converted to vacuum) is given, since it is the more accurate one. 

28 The interpretation of this Raman line is doubtful. 

27 That Wu (26) obtarns a much better agreement for this band from his formula is dtio to an 
mu— values are also still based on 1/Xair rather than on Vv,unnixn^ 

loOn" 0110^?^^^^^^^°“^ given by Plyler and Barker is almost certainly wrong, since the urunwitiou 
- 0 01 0 should be exactly the difference of the observed bands 2461.5 and 588.8 indepon<ic‘nt of 

any representation by a formula. 
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cyanide, HCN. It would bo difficult to derive definite conclusions about the structure 
of the HCN molecule from the vibration spectrum alone. But the fine structure of the infrared 
bands shows very clearly that HCN is linear (see Chapter IV, section lb). The wave numbers of 
the observed infrared and Raman bands are given in Table 69. The interpretation given assumes 


Table 59. infrared and raman bands of HCN vapor. 


^'vacmirnf 

observed 

Band typei3 

Upper state 

Lower state 

calculated 

References 

(cm-i) 


Species 

Vi Vi>^ 

Species 

712.1 

1412.0 

2062 (liquid) 

2089.0 

2116.7 

2800.3 

3312.0 

4004.5 

4992.5 

53943“ 

6521.7 

8585.6 

9627.1 

11674.4 
12635.9 
14670.7 
15552.0 

700 

(712)31 

2087.1 

2102.1 

9568.6 

11613.5 

12557.5 

I. ± v.s. 

I. 11s. 

R. v.w. HC13N 
R. v.s. 

I. X m. 

I. X s. 

I- 11 s., 

R. (liquid)^® m. 
I. X m. 

I. X w. 

I. 11 m. 

I. 11m. 

P.I. 11 w. 

P.I. 11 m. 

P.I. 11 w. 

P.I. 11 w. 

P.I. 11 v.w. 

P.I. 11 v.w. 

I. X 8. 

I. X 

I. X w. 

I. X m. 

P.I. 11 w. 

P.I. 11 v.w. 

P.I. 11 v.w. 

0 11 0 

0 2“ 0 
100 

1 0“ 0 

0 31 0 

1 11 0 

0 0“ 1 

0 11 1 

2 11 0 

1 0“ 1 

0 0® 2 

1 0® 2 

0 0® 3 

1 0® 3 

0 0® 4 

1 0® 4 

0 0® 6 

0 2® 0 

0 2“ 0 

0 4® 0 

0 42 0 

0 11 3 

1 11 3 

0 11 4 

II 

2+ 

2+ 

2+ 

n 

2+ 

II 

n 

v,+- 

2 + 

2 + 

2 + 

2+ 

2+ 

A 

2+ 

A 

II 

II 

TI 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

6 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ® 0 

0 0 ° 0 

0 0 ® 0 

0 11 0 

0 11 0 

0 11 0 

0 11 0 

0 11 0 

0 11 0 

0 11 0 

2 + 

. 

2+ 

2+ 

2+ 

2+ 

2+ . 

2+ 

2+ 

2+ 

2+ 

2+ 

2+ 

2+ 

2+ 

2+ 

2 + 
n 

11 

II 

II 

II 

II 

II 

712.1* 

1412.0* 

2092.4 

2112.7 
2800.3* 

3313.8 

4006.4 
4992.5* 

6391.8 

6521.4 

8585.0 
9627.1* 

11676.3 

12635.9* 

14670.7* 

15552.0* 

699.9 

712.9 

2089.1 
2102.1* 
9568.5* 

11613.5* 

12557.8 

(210) (125) 
(210) 

(252) (432) 
(492) 

(104) 

(210) 

(35) (13) 

(35) 

(35) 

(35) 

(35) 

(442) 

(442) (679) 
(71) (579) 
(71) (679) 
(579) 

(579) 

(210) 

(210) 

(104) (36) 
(104) (35) 
(579) 

(579) 

(579) 


for vu vt, vz the vibrations given in Fig. 61a. is essentially the oscillation of the CH group against 
the N atom; is essentially a C— H vibration, but there is no difference in symmetry type between n 
and F 3 . Although all three fundamentals are allowed both in the infrared and Raman spectra has 
not been recorded in the infrared, obviously because the change of dipole moment connected with 
It is very small, the vibration being similar to that in N 2 and the CH distance remaining practically 
unchanged. On the other hand, v% has not been observed in the Raman effect, in agreement with 
the rule that non-to tally symmetric vibrations are weak in the Raman spectrum.^® 

In obtaining a formula for the vibrational levels it proves necessary [see Lindholra (579)], since 
such high overtones of vz are observed, to introdu<ie a cubic terra in equation (II, 287). The 

On page 274. 

The Raman lino of the liquid occurs at 3213 cm-i; that is, there is a considerable shift between 
vz (gas) and vz (liquid) [see Chapter V, section 2]. 

Overlapped by H 2 O absorption. 

This band is not really observed but only guessed, since it coincides with the band vz. 

® If HCN were not linear the low-frequency fundamental would also be totally symmetrical 
and would therefore occur strongly in the Raman spectrum. 
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constants are then, again neglecting resonance effects (in cm~^) : 

coi® = 2041.2, W 2 ° = 711.7o, 0 ) 3 ° = 3368.6; 

a;ii = +52.0, X 22 <= — 2 . 85 , *33 = —55.48, 2/333 = +0.768; (111,57) 

X 12 = — 4.2, a;i3 = — 14.4o, xzz = — 19.53, 022 = + 3.26. 

From these, the following values (in cm~^) for the frequencies for infinitesimal amplitudes (zero-order 
frequencies) are obtained: 

2000.6, «2 = 729.3, ws = 3451.5. (111,68) 

The weak Haman line, first observed by Dadieu (252) at 2062 cm“^ and accompanying the strong 
line at 2094 cm~^, has been interpreted by Dadieu as belonging to the isomeric form HNC, whoso 
existence in ordinary HCN he believed thus proven. However, according to Herzberg (432), this 
Raman line must be explained as due to the isotopic molecule which is certainly there, whose 

frequency vi would be expected to be about 33 crn'i smaller than that of HC^^N and whose concen- 
tration in ordinary HCN is just about the same as that derived by Dadieu for HNC. More recently 
McCrosky, Bergstrom, and Waitkins (607a) have obtained chemical evidence that there is no HNC 
in pure hydrogen cyanide. 

The Raman and infrared spectra of “heavy” hydrocyanic acid, DCN, have also been observed 
[_Dadieu and Kopper (260) , Bartunek and Barker (125) J, although up to now only the fundamentals 
are known. They are (corrected for vacuum), in cm~i, 

VI = 1906,33 V 2 = 568.9, vs = 2629.3. 

The latter two agree very well with the values obtained theoretically by using the same potential con- 
stants for DCN as for HCN, even though anharmonicity is neglected [[see Bartunek and Barker (125) 3 . 

Water, H 2 O. The observation of a strong far infrared rotation spectrum and the structure of 
this spectrum (see Chapter I), as well as that of the rotation-vibration spectrum (see Chapter IV), 
lead unambi^ously to the conclusion that H 2 O is not a linear molecule. This conclusion is also in 
agreement with the structure of the vibration spectrum. The Raman spectrum of water vapor 
shows one strong line at 3654.5 cm-i [Johnston and Walker ( 475 ), Rank, Larsen, and Bordner 
(716), Bender (135)3 which is obviously the frequency of the symmetrical vibration vi (Fig. 25a), 
.since Raman lines of non-symmetrical vibrations are expected to be weak. Since 3654.5 is very 
similar to the vibration frequency (AGj = 3568.4) of the OH radical it cannot correspond to the 
second s^metrical vibration V 2 which represents essentially a bending of the OH bond. The 
observation of further Raman shifts of water vapor is doubtful. 

The infrared spectoum [Plyler and Sleator (704), Plyler (702)3 gives two very strong bands at 
1595.0 and 3755.8 cm ^ which are very probably the fundamentals V 2 and vz respectively (see Fig. 
25a). The fundamental n has only recently 3* been disentangled from the much stronger over- 
lapping vz by Nielsen (667). In agreement with the selection rules for non-linear XY 2 (but not for 
linear XY^) the first overtone 2 v 2 of »'2 occurs fairly strongly in the infrared. Further evidence from 
the vibration spectrum alone that the H 2 O molecule is not linear is obtained when the HOH angle 
is determined from the observed fundamental frequencies according to the valence force system. 
A value of 120“ is obtained (see Table 40). The deviation from 180° can hardly be duo to the 
neglected terms in the valence force system. 

A large number of overtone bands of H 2 O have been observed in the photographic infrared and 
the visible region as terrestrial bands in the solar spectrum, particularly in a moist atmosphere, 
and have been analyzed by Mecke and his co-workers (612) (130) ( 333 ). The zero lines (see Chapter 
VAT 1 bands are given in Table 60. The assignment of quantum numbers is that given 

by Mecke (612), The lower state for all observed bands is the 0^ 0, 0 state. 

It is signific^t that for all but three of the infrared bands the dipole moment oscillates perpen- 
dicular to the axis of symmetry (upper state B{). In particular, while vz + vi and even Zvz are fairly 

33 These data refer to the liquid state. 

34 Before this observation, on the basis of observed fundamentals only, one might have been 
tempted to conclude that H 2 O is linear since, just as for CO 2 and CS 2 , two fundamentals were ob- 
served only in the infrared and the third only in the Raman spectrum. This shows clearly how 
dangerous it is to draw conclusions about the structure of a molecule from the non-observation of 
certain fundamentals. In the present case, the non-observation of 2vz and 4tvz might have been 
considered as further evidence that H 2 O is linear whereas actually it is not. 
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strong bands, a band 2^3 whose upper state is At has not been observed even though it is not forbidden 
selection rule. The same holds for all other bands with Avz =2 4 This 

difference in the behavior of bands with even and odd »3 (upper state At and Bt respectively) is. 

Table 60. infrared and raman bands op H2O vapor. 


Band type^® 

Upper state^^ 

calculated 

Vt 7)2 7)3 

Species 

I. ||38 V.S. 

0 1 0 

At 

1595.0* 

t 11 m. 

0 2 0 

j4.i 

3151.0* 

I. 11 s., R. s. 

10 0 

At 

3650.0* 

I. X ^3 V.s. 

0 0 1 

Bt 

3755.41* 

I. jL m. 

Oil 

Bt 

5330.6 

I. J- W- 

0 2 1 

Bx 

6866.8 

I. X m. 

10 1 

Bt 

7250.4 

B.I. J- sJ 

111 

Bt 

8806.5 

P.I. -L s. 

2 0 1 

Bt 

10613.12* 

P.I. X m. 

0 0 3 

Bt 

11032.36* 

IM. X m. 

2 11 

Bt 

12148.5 L 

P.I. X v.w. 

0 13 

Bt 

12567.7 j 

PJ. X w. 

3 0 1 

Bt 

13830.92* 

P.I. X w. 

10 3 

Bt 

14318.77* 

P.I. X v.w* 

3 11 

Bt 

15346.31 

P.I. X v.w. 

113 

Bt 

15834.1 / 

P.I. X v.w. 

3 2 1 

Bt 

16822.7 

P.I. X v.w. 

4 0 1 

Bt 

16894.3 

P.I. X v.w* 

2 0 3 

Bt 

17482.6 


I'vacuurai' 

observed 

(cm~i) 


35 


1595.0 

3151.4 
3651.73“ 
3755.8 

6332.0 
6874 
7251.6 

8807.05 
10613.12 
11032.36 
12151.22 

12565.01 
13830.92 
14318.77 
15347.91 

15832.47 
16821.61 

16899.01 

17495.48 


References 


(704) (665) 

(704) (665) 

(667) (475) (716) (135) 
(704) (612) (667) 

(704) (702) (612) (667) 
(234a) 

(702) (612) (667) 

(612) (591) 

(612) (130) 

(612) (130) 

(612) (130) 

(612) (130) 

(612) (130) 

(612) (333) 

(612) (333) 

(612) (333) 

(612) (333) 

(612) ( 333 ) 

(612) (333) 


conversely, a very definite proof that H 2 O really has the symmetry C 2 ,,, that is, has a plane of sym- 
metry perpendicular to the plane of the molecule.'*’^ For an unsymmetrical molecule O 

H 

such a difference could not occur. 

Bonner (162) was the first to derive a fairly satisfactory formula of the form (II, 268) for the 
observed vibrational levels. However, his formula led to a value for the fundamental vi of 3604 
ern , in rather serious disagreement with the observed Raman frequency 3654.5 cm~^. Recently 
^ this difficulty has been cleared up by Darling and Dennison (263). who have taken into 'account the 
perturbation between all pairs of levels of the type vt, » 2 , 7 ) 3 , and tji — 2, « 2 , 713+2 (see p. 218). 

/cerT 8000 cm-\ with the exception of the band 6874 cm-\ are those of Nielson 

( 660 ) (667) reduced to vacuum (assuming that ho has not reduced them) ; the other frequencies are 
those of Mecko and his co-workers (612) (130) (333) which are stated to bo Vvacuum- 

II and X refer here to the direction of the varialilo part of the dipole moment with respect to 
the symmetry axis. Nielsen (665) (667) uses the opposite nomenclature, taking || and X to mean 
parallel and perpendicular to the axis of least moment of inertia. 

The lower state for all observed bands is 0 , 0 , 0 ..-1 1 . 

38 jv Raman band has boon olisorved l>y Johnston and Walker (475) in H 2 O vapor at 1048 cm-i 
but has not boon confirmed by Rank, Larsen, and Bordner (716). However, such a Raman lino ha.s 
definitely been established in liquid H 2 O [see Rao and Kotoswaran (722) ]. 

3“ This is the wave numlier of the zero line of the infrared band. The center of the Raman band 
of H 2 O vapor has been observed at 3054.5 cm-i by Bonder (135). Rank, Larson, and Bordner (716) 
give a doublet with frequency shifts 3046.1 and 3053. 9 

Rank (713) gives a doubtful Raman lino at 3804 cm~b 

Ibis might appear trivial but should not bo taken for granted without actual proof. It follows 
of course also from the observed intensity alternation in the rotational structure (soo p. 475 ). 
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They have obtained the following vibrational constants (all in cm“^) : 

oji® = 3693.89, W2° = 1614.5, ws® = 3801.78, 

xii = - 43 . 89 , 3:22 = — 19.6, X 33 = - 46.37, 3:12 = - 20 . 02 , (III, my 

xi 3 — — 155.06, 0:23 = — 19.81, 1 t 1 = 74.46, 

where y is the perturbation constant introduced by equation (II, 297). [Very slightly different 
constants have more recently been given by Nielsen (667). 3 The wave numbers of the bands calcu- 
lated from these constants are given in the fourth column of Table 60. The values with an asterislc 
were used in the determination of the constants. In the case of the two pairs indicated by braces 
only the average was used. The agreement for all bands is seen to be quite satisfactory. For th® 
zero-order frequencies Darling and Dennison obtained, from the above constants, 

0)1 = 3825.32 cm~*^, o)s == 1653.91 cm~^, 03 = 3935.59 cm~^, (III, 60]> 

and for the zero-point energy: 

(?(0, 0, 0) = 4631.26 cm-i. (Ill, 61> 

Using, in addition to the above vibrational constants, the interaction of vibration and rotation. 
Darling and Dennison (263) have evaluated the coefficients of the cubic and quartic terms in th© 
potential energy []see also Redlich (727) ]. 

Heavy water, HDO and D2O. The infrared and Raman spectra of heavy water vapor, 
HDO and D 2 O, have also been investigated, although in not nearly as much detail as those of H 2 O, 
The observed data are given in Table 61. 


Table 61. observed infrared and Raman spectra of HDO and D 2 O vapor. 


Assignment 

HDO 

Fvacuuiri (cm 

D 2 O 

I'vacuum (cm"!) 

Refereniies 


1402 I. 

1178.7 1 

( 112 ) 


27191., R. 

2666 R. 

(112) (716) 

Vz 

42 

2789 I. 

(112) (121) (263) 

2v2 

2809 I. 


( 121 ) 



6538 I. 

(675) 


8611.6 P.I. 


(446) 


9050 P.I. 


(443) 


■ 10000 P.I. 


(443) 


It has been shown in Chapter II, section 6 , that the observed fundamentals of D 2 O are in excellent 
agreement with those to be expected, on the basis of the isotope relations, from those of H 2 O if 
(and only if) anharmonicity corrections are taken into account. Darling and Dennison’s (263) final 
values for the a>i, a:,*, and the zero-point energy of D 2 O obtained from the isotope relations and tho 
observed fundamentals are (in cm~^) : 

0)1 = 2758.06, 0)2 = 1210.26, W 3 = 2883.79, 

xii = - 22 . 81 , 3:22 = — 10.44, 0:33 = - 24.9o, 3:12 = ~ 10.56, (HI, 62) 

3:13 = - 81.92, 3525 = - 10 . 62 , <?(0, 0, 0) = 3385.74. 

Hydrogen sulfide, H 2 S, HDS, DoS. The vibrational spectra of H 2 S, HDS, DaS are of courso 
very similar to those of H 2 O, HDO, and D 2 O respectively. However, they have not as yet been so 
completely studied and the identifications are not as certain. The available data for H 2 S are given 
in Table 62, those for HDS and D 2 S in Table 63. The fine structure of the two photograiihic infra- 
red bands 9911 and 10100 cm"! only has been analyzed (see Chapter IV, p. 489), and they are found 
to be perpendicular bands. There is considerable divergence of opinion as to the character of tho 

Overlapped by V3(H20). In the Raman spectrum of the liquid Rao (723a) observed 3363 
cm~’^ for this frequency. 
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oilier incomiileltely lesolved infrared “bands. Because of the inco] 5 nplete resolution there is also con- 
siderable uncertainty as to the position of the origins of the bands. In Tables 62 and 63 the high 
dispersion data of Sprague and Nielsen (804) and Nielsen and Nielsen (657) have been given prefer- 
ence w erevei they ai e available- The assignments of the bands given are essentially those of 


Table 62. infrared and Raman bands of gaseous H2S. 


rvacHumr observed'** 
(cin~i) 

Band typers 

Assignment, Bailey- 
Thompson-Hale (94) 

References 

1290 

I- v,s. 


(804), (94) 

24:252/ 


2pz(Ai) 

(94) 

2610.8 

R. 

ri(ai) 

(647) 

2684 

I. s. 

Vs (61) 

(804) (94) 

(2910)^^ 

I. 

? 

(94) 

3789 

I. s. 

V2+V3(Ri) 

(110) (94) 

5164 

1.“*® m. 

Vl-br3(i?l)'‘3 

(803) (94) 

9911.05 

P.I. ± w. 

3ri+r3(Bi) 

(248) (241) ' 

10100 

P.I. ± w. 

Vl +3F3 (Ri) 

(248) (241) 


Table 63. infrared and Raman bands op gaseous HDS and DaS. 


.\8signment, Bailcy- 
Thompson-H ale 

HDS 

D 2 S 

^vacuum f 

observed 

References 

^vacuum» 

observed 

References 

? 

988 

(94) 



P2 

1090 

(94) (667) 

934 

(94) (657) 

2p2 

2109 

(94) 



Pi 



1891.6 

(647) 

PZ 

(2684) 

47 

1999 

(94) (657) 

Pl’^p^ 

2937 

(94) (657) 

2684*''' 

(657) 

P*J^ + Pz 

3723 

(94) 

2797**' 

(94) 

2vi 

3848 

(94) 




Bailey, Thompson, and Hale (94), ■which appear to bo preferable to those of Sprague, Nielsen, and 
Nielsen since they preserve a close analogy to H 2 O (absence of transitions with Avz == 0 and 2 except 
for v-i and 2v«) and, in the case of the photographic infrared bands, give a species of the upper 
state in agreement with the fine structure analysis. 


13 On p. 274. 

^3 It has been assumed that the original infrared data were not corrected for vacuum. 
i^iThia band has only been observed by Bailey, Thompson, and Halo (94) and not identified, 

^3 Sprague and Nielsen do not mention this band in their 1937 paper, although they gave it in 
an earlier abstract (803). 

Bailey, Thompson, and Hale (94) assigned this band to 2vi, which is an unnecessary contra- 
diction to the analogy to the H 2 O spectrum. 

It is strange that the two fairly strong bands 2684 and 2797 cm“i, lying in the same specitral 
region, have ndt been found by both groups of investigators. It is not unlikely that the band 2684 
is really vz of HDS, since it would be expected to have about this magnitude and since it would 
therefore be observable only in a gas not containing an appreciable amount of H 2 S whose vz is at the 
same place. This change of interpretation would also remove the necessity of assuming n -f- vz to 
occur for D 2 S whereas it does not occur for or H 2 O. 
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As has been pointed out in Chapter II, section 6, the frequencies n and of H 2 S and II> 2 S give 
quite a fair agreement with the product rule (see Table 62 and accompanying discussion). However, 
the frequencies vz of these two molecules give a discrepancy that is rather larger than permitted by 
the neglect of anharmonicity. It seems likely that the reason for this discrepancy is that the band 
origin has not been correctly determined (since no rotational analysis has been made). 

Nitrogen peroxide, NO 2 . Ow knowledge of the vibrational structure of the NO 2 molecule is 
not very satisfactory as yet, particularly because it is practically impossible to observe the Raman 
spectrum since NO 2 absorbs light throughout the visible and ultraviolet regions. The infrared 
spectrum shows two very strong absorption bands at 648 and 1621 cm~^, which undoubtedly must 
be interpreted as the fundamentals V 2 and vz respectively [[Sutherland (825)]. The difficulty is the 
correct location of the fundamental v\. Schaffert (769) found a weak band at 1373 cm~^ which ho 
and Sutherland (825) considered for a while as vi. However, the study of the ultraviolet sjpoctrum 
by Harris, Benedict, and King (411) seems to show that vi = 1320 cm“^. Various authors have 
adopted this latter value,^® even though more recently in a more detailed paper Harris, King, Benedict, 


Table 64. iitprahed vibration spectrum op gaseous NO 2 . 


V, observed (cm“’^) 

Assignment 

References 

648 s. 

vzidi) 

(84) (769) 

1000 v.w. 


(826) 

1320 from U.V. 

*'i(ai)? 

(411) (414) 

1373 w. 

(2^2??) 

(769) 

1621 v.s. 

*' 3 ( 61 ) 

(84) (769) (825) 

2220 m. 

Pz 

(825) 

2601 1 « 



2667/ 

2ri(Ai) 

(412) 

2910 

*'3+Vi(Ri) 

(826) (769) (412) 

3240 

0/1 CT/f 1 

2p3(Ai)“ 

(825) (412) 

0404: 1 

3597/ 

*'1+J'2+»’3(jBi) 

(412) 

3930 

? 

(412) 

4140 

2j'i -f-V3(Ri) 

(412) 

4560 

vi +2»'3 (Ai) 

(412) 

4753 

Svz(Bi) 

(412) 


and Pearse (414) try to explain, in a rather artificial way, the ultraviolet spectrum with vi = 1,373 
cm It appears that a final decision will only be possible after further investigations of the infrared 
or Raman spectrum. To the author, vi = 1320 cm~^ appears somewhat more likely. The infrared 
band 1373 might possibly be 2vz where the large deviation from 2 X 648 cm“^ might be due to a 
vibration through the linear arrangement of the nuclei for large amplitudes. It may also bo that 
the interpretations of the frequencies 1320 and 1373 cm“i have to be interchanged. 

In Table 64 all the observed infrared bands of NO 2 are collected together', the assignment 
being mostly that of Sutherland and Penney (831). In this as well as any other assignment the 
^edicted structure of the infrared bands does not always seem to agree with the observed envelopes. 
However, this difficulty does not appear to be serious in view of the very incomplete resolution . The 
occurrence of the harmonic 2vz definitely proves that the molecule cannot he linear, as was at one 
time suggested, on th e basis of the infrared spectrum, by Bailey and Cassie (84). The non-linearity 


« For example Sutherland and Penney (831) adopt this value, even though in an immediately 
preceding paper (692) they give n = 1370. [See also Wu (26) ]. In the former paper the infrared 
Dana is not mentioned as an overtone or combination band. 

^9 This doublet occurs in the ultraviolet spectrum as the frequency 2624 cm-K [Harris Kinir 
Benedict, and Pearse (414)]. ‘ ^ 

“ In his original paper Sutherland gives 3120 cm"! as 2^, and a very weak band at 3240, whereas 
m butneriand and Penney's summary only 3242 is given. 
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is confirmed by the fact that the valence force system with the above fundamentals gives a valence 
angle of 119° (see Table 40) and by the structure of the ultraviolet bands ^see Harris and King (413) 
Electron diffraction experiments [[Maxwell and Mosley (607) [] also prove the non-linear configuration 
and yield an angle of 130°^ 

Sulfur dioxide, S02- The Raman spectrum of gaseous SO 2 shows one strong line only, at 1160.5 
[[Gerding and Nijveld (349) []. The liquid, for which a greater intensity of the spectrum can 
be obtained, shows in addition two weaker lines at 524.5 and 1336.0 These three frequencies 

must be considered as the fundamentals of SO 2 . The fact that all three appear in the Raman spec- 
trum proves that SO 2 is not a symmetrical linear molecule,^^ According to Cabannes and Rousset 
(191), the Raman line 1336.0 cm""^ is completely depolarized, whereas the other two are partly 
polarized, that is, 1336.0 cannot correspond to a totally symmetric vibration (see p. 270). If SO 2 
were an unsymmetric linear molecule (O S — O or O — O — S) , the only non-totally symmetric fre- 

quency would be the perpendicular vibration, whose frequency would be expected to be the smallest 
of the three fundamentals. Since the depolarized frequency is the largest, it follows that SO 2 is 
not linear and since a non-linear triatomic molecule can have a non-totally symmetric vibration 
only if it has a plane of symmetry perpendicular to the plane of the molecule, it follows that SO 2 
is a non-linear symmetric molecule (Fig. 25a). Its only non-totally symmetric vibration must ac- 
cordingly have the frequency vz == 1336.0, while vi = 1150.5 and ra = 524.5 

The above conclusion about the structure of SO 2 obtained from the Raman spectrum alone is 
confirmed by the infrared spectrum, which shows all three fundamentals strongly. Table 65 gives 
the observed Raman and infrared bands with the assignment of Mecke (611), Csee also Badger and 
Bonner (73)3- 

Tabli^3 65. iisrFKAKEn AND Raman bands op SO 2 . 


(cm"“^) 

Band type^^ 

Assignment, 

Mecke (611) 

References 

51962a(524.6) 

I. (gas), R. (liquid) pol. 

j>2(ai) 

(107a) (349) 

606 

I. (gas) 

VX—V2 

(86) 

1151.2520 

I. (gas), R. (gas) pol- 

viiai) 

(86) (107a) (349) 

136152 ‘>(1336.0) 

I. (gas), R. (liquid) dopol. 

vsihi) 

(86) (107a) (349) 

1871 

I. (gas) 

V'z-V-vziBi) 

(86) 

2305 

I. (gas) 

2;>i(.4i) 

(86) 

2499 

I- (gas) 

f't +t'3(Bl) 

(86) 


From the above fundamentals an apex angle 2 q: == 120° is obtained, assuming a valence force 
system (Table 40). This agrees rather well with the electron diffraction value 121° db 5° obtained 
recently by Sehomaker and Stevenson (771). When such a value for the angle is assumed, there 
are some difficulties as to the contours of the infrared bands Badger and Bonner (73)], but 
since no high dispersion data are available, this does not appear to be serious. 

Ozone, Os# Great difficulties have been experienced in the investigation of the infrared spectrum 
of ozone, mainly owing to its reactivity and the consequent difficulty in getting entirely rid of im- 
purities. Thus two bands (at 880 and 1355), for a long time considered to be due to O 3 (one even 
as a fundamental), are actually due to N2O5. However, due to the work of Hettner, Pohlman, and 
Schumacher (449), the main infrared bands are now definitely idontiiied. Their absorption curve 


That is, unless one assumes that the weaker lines in the liquid occur only because of the per- 
turbation by tho neighboring molecules. This assumption is, however, excluded by the evidence 
from the infrared spectrum of the gas (see below). 

On p. 274. 

The data in parentheses refer to observations of liquid SO 2 . 

This value was read from tho absorption curve given by Barker (107a). 

This is the value given by Bailey, Cassic, and Angus (86), I"rom Barker’s curves one reads 
a value of 1358 

Average of infrared and Raman measurements. 
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is reproduced in Fig. 85. The wave numbers of the observed bands (mostly from their measuxemen't®) 
are given in Table 66. The Raman spectrum has not yet been obtained [[see Sutherland and 
Gerhard (829) 



1250 1110 1000 910 833 769 714 ' 667 626 688 665 626 600 476 466 486 417 400 386 cra-1 


Fig. 85. Infrared absorption of O 3 [after Hettner, Pohlmann and Schumacher ( 449 ) ]. — The 
length of the absorbing path was 30 cm. at the pressures indicated. 


TaBI-B 66. INFRARED SPECTRUM OF GASEOUS OZONE. 


rvacuum» 

(cn 

observed 

1-') 

Band type 

Assignment, 
Sutherland-Penney (831) 

695' 
725 j 

►710 

I. doublet s. 

ralai) 

1043.44* 

I- doublet? v.s. 

rilai) 

1724 

1755^ 

>1740 

I. doublet? w. 

>'3(5i) 

2105 

2800 

8050 


I. ? s. 

I. ? w. 

L ? w. 

2n(3y2) (Ai) 
2 j'1+>'2(Ai) 

3yi(Ai) 


Referen<H‘H 


(351) (449) (40) 


1- ( 8. 2vx{3vi){Ai) (351) (449) 

2S00 I. ? w. 2n+V2(Ai) (449) 

3050 I. ? w. 3»'i(Ai) (449) 

If the nuclei m the O3 molecule were at the corners of an equilateral triangle (point group jDsa) 
there would be only two normal vibrations, a totally symmetric one and a doubly degenerate one 
(se6 *g, 3wa), only the latter being infrared active (see Table 55). It is easily seen fi'om the ohscrvcci 
frequencies in Table 66 that it is quite impossible to interpret the observed spectrum on the basis 

of one active and one inactive fundamental only. Thus the equilateral model of O3 is definitely 
ruled out. 

^ linear symmetric structure no binary combinations of active bands could occur (boo 
Tn ^ number of such combinations seem to occur. The rotational structure 

of the 1043.4 band [Adel, Shpher, and Fouts (40)] also definitely rules out the linear symmetrical 
model as weU as the non-symmetrical linear model. Thus only an isosceles trianale or a completely 
unsymmetncal structure remains. The latter structure does not appear to be at all likely for a 
molecule consisting of three equal atoms. In both cases, there should be three active fundamentals. 
Choosing the three s trongest bands 710, 1043.4, and 2105 cm"! for these, as was done by Hettner, 


On p. 283. 
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Pohliiiaix, and Schumacher (449), leads to an impossibly large force constant between two of the 
O atoms, almost double the force constant in the O 2 molecule, as well as to other difficulties. This 
led Sutherland and Penney (831) to the choice indicated in Table 66 , which does give reasonable 
force constants. However, a difficulty is the weakness of the fundamental band r 3 , which in other 
non-linear triatomic molecules is strong compared to Pi. The apex angle on Sutherland and Penney’s 
interpretation would come out from the valence force formulae to be about 127®, which is of the 
same order as for SO 2 . This is satisfactory, since SO 2 and O 3 have the same number of outer elec- 
trons. Recently Shand and Spun* (783) have obtained from the electron diffraction pattern of 
ozone an apex angle of 127® =h 3®. The exact agreement with the above value should not be 
considered too significant. 

The readiness with which O 3 gives off an O atom (in contrast to SO 2 ) would be much more easily 
understandable on the basis of an acute-angled model in which one O is at a fairly large distance from 
an almost unchanged O 2 molecule. It would indeed be possible to interpret the infrared spectrum 
on this basis. But the above-mentioned electron diffraction work would appear to exclude such 
a structure. 

Further work on the infrared spectrum with high dispersion and longer absorbing columns would 
be desirable in order to clear up the difficulties mentioned and to obtain more precise values for the 
angle and the internuclear distances. 

Other triatomic molecules. The vibration spectra of a number of other triatomic molecules 
have been investigated. The fundamentals of some of these have been included in the previous 
Table 37. In Table 67 references to the more important investigations of these molecules are given 
and the structures found are indicated. It is particularly noteworthy, and of course very plausible 
on the basis of the electronic structure, that these investigations, as well as those discussed above, 


Table 67. furtheh triatomic molecules. 




1 

References 



Apex 



Molecule 

structure 





1 angle 

Raman 

Infrared 



! 

spectrum 

’ 

specitrum 

ocs 

linear, Can* 

180° 

(257) (909) (.314a) 

(81) (125) 

N:- 

linear, 

180°®'* 

(557) 

(77) (831) 

(BOa)- 

linear, 

180° 

(069) 


OCN-, SCN-, \ 

SeCN- / 

linear, Ccx,v 

180° 

(557) (216) (394) (535) 

(926) (927) 

CICN, BrCN, ICN 

linear, Coov 

180° 

(920) (909) 


HgCla, HgBra, Hgla 

linear, 

180° 

(176) (723) 

(913) (801)®® 

HgClBr, HkCII, ) 

Imcai , 

0 

0 

cc 

r-s 

(274a) (33()a) 

((;40a)®® 

H«Brl / 



CdCl,, CdBr-., Cdh 

linear, Dcx,/* 

180° 

(889) 


ZnCla, ZnBi-'j 

linear, Dco/t 

180° 

(889) (760) 


(HF 2 )" 

linear? C^av 



,(187) (499) 

HaRe, HDRc, D,Ro 

isosceles triangle, C 2 V 

~90° 

(253) 

(193) 

(NO 2 )- 

isosceles triangle, 

^90° 

(559) 

(925) 

NOCl 

tidangle, C« 

116°®" 


(85) (133) 

CIO 2 

isosfudeB triangle, 

137057 

(544) 

(81) (82) (543)®® 

F 2 O 

isosceles triangle, 

100 °®’' 


(450) (831) 

CI 2 O 

isosceles triangle, C 2 V 

115°®’' 


(S3) (831) (706) 

(U02)+-'‘ 

isosceles triangle, C 2 v 

? 

(227) (762u) 

(227) 


Some of these molecules are discussed more fully by Wu (26), 

Confirmed by crystal structure investigations of Hendricks and Pauling (427). 
^ Ultraviolet absorption spectra. 

From electron diffraction by Ketelaar and Palmer (500). 

From electron diffraction, see Brock way (179). 
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show that molecules with the same number of outer electrons (that is, in addition to complcttO inner 
shells unaffected by the molecule formation) have very similar structures. Thus, OO 2 , NaO, N 3 » 
BO2", CS2, COS, - • • are linear; O3, SO2, Se02, (N02)‘’, • • • are isosceles triangles. 

A number of more-than-triatomic molecules may in a certain approximation be considered as 
three-particle systems. For example, dimethylamine may be considered as consisting of tlio three 
particles CH 3 , NH, CH 3 which for the so-called skeletal mbraiions behave like the nuclei in. non- 
linear symmetric molecule XY 2 . Three of the many fundamentals of this molecule, namoly 931, 
390, and 1073 cm'^^, may indeed be correlated to rx, ^ 2 , rs, respectively, of XY 2 (Fig. 25a), since 
they have a smaller magnitude than the internal vibrations of each group. As for XY 2 , ^3 
polarized in the Raman spectrum. Assuming a valence force system the C — N — C anglo can bo 
determined from these frequencies to be 114°. Many similar cases may be found in Kohlrausch’s 
book (14). 


(&) Four-atomic molecules 


Acetylene, C 2 H 2 . ^ A great deal of work has been done on the Raman spectrum and particularly 
on the infrared spectrum of the acetylene molecule. Both the vibrational structure and the rota- 
tional structure show unambiguously that the molecule is linear and symmetrical (point group 

C 2 H 2 in the gaseous state shows only two strong Raman displacements, at 1973.8 and 3373,7 
cm~^ [[Glockler and Morrell (377)], which do not occur as infrared bands even with a fairly long 
absorbing path. This proves that C 2 H 2 must have a center of symmetry. Assuming the linear 
model, there can be no doubt that the two Raman lines correspond to the vibrations and 

vii^cTg^) respectively in Fig. 64a, that is, essentially to a C — H and a C=C vibration.^^ In addition, 
Bhagavantam and Rao (150) have found a very weak Raman doublet at 689 and 646 cm"“^ which 
they interpret as the two branches (see Chapter IV, section 1 ) of the third Raman active vibration 
(see Table 55), which appears only weakly because it is not totally symmetric. 

In the infrared, C 2 H 2 shows two very strong absorption bands at 729.1 and 3287 which 

are naturally interpreted as the two infrared-active fundamentals and respectively. 

This is also in agreement with the type of the band fine structure, the former band being: n per- 
pendicular, the latter a parallel band (see Chapter IV). A third fairly strong infrared band of the 
parallel type occurs at 1328.1 cm‘“^. It is obviously to be interpreted as the combination V 4 , -4" 

of the two perpendicular vibrations. The state tu » 
(X) ^ % 00 D 1, ^^5 = 1 has three sublevels 2^"“, Am (see Table 

33), the first of which gives rise to the parallel bund at 
1328.1 cm"“^. Many more bands, all of them weak, 



have been found with longer absorbing paths, l)oth in 
the ordinary infrared and the photographic infrared 
(see Table 68 ), The odd overtones 4rr,, 2 ^ 3 , 4 i/:t of 
the active vibrations are definitely absent, and tlio same 
holds for binary, quaternary, • • • combinatiouB of 


H 



H 

Pig. 86. Different conceivable 
models of C 2 H 2 . 


infrared-active fundamentals, such as rj + >^ 5 ^ 3 ^a 

+ J'B, in excellent agreement with expectation 

on the assumption of the linear symmetric model. 

It ought to be pointed out that the validity of the 
rule of mutual exclusion of the infrared and Raman 
spectra and the absence of the odd overtones of the 
active fundamentals, as well as of other binury and 
quaternary combinations of infrared-active funda- 
mental bands, would also bo compatible with a non- 


linear model of C 2 H 2 , as long as it has a center of sym- 
metry. For example, the forms II (point group C 2 h) and III (point group D^h = Vr) in Fig" 86 
have a center of symmetry. In form II there would be three vibrations of the totally symmetricj 
species one of species Au, and two of species Bu (see Table 35 ). Thus, as for the lin< 3 ur sym- 
metric model I, there would be three Raman-active vibrations which are infrared inactivo* But 


It should be noted that for the sake of consistency with our usual designation of fundarm^n ials 
we have changed the numbering as compared to that used by most authors on C 2 H 2 . Our pu 
P i, are their ^ 2 , vi, rs, Vi, respectively. 
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for this model II there would be three infrared-active fundamentals, whereas only two are ob- 
served.®® For model III there would be two vibrations of type A.g and one vibration each of types 
Big, Biu, B^u, B^u (see Table 35). Again there would be three Raman-active and three infrared- 
active vibrations, whereas only two infrared-active vibrations are observed.®® Thus, on the basis of 
the pure vibration spectrum only, both cases II and III are excluded by the fact that only two 
infrared-active fundamentals are observed. While it may be argued that possibly the third infrared- 
active fundamental for models II and III is weak, or lies in a region not investigated, or happens 
to coincide with another band, the rotational fine structure establishes the linear symmetrical 
structure of C 2 H 2 beyond all doubt (see Chapter IV, section 1 ). 

The assignment of the large number of overtone and combination bands has been the subject 
of much discussion. For every assignment thus far suggested, if the wi®, Xik, and gu in (II, 284) 
[[compare also (II, 288) [] are determined from part of the bands, rather large discrepancies occur 
between the observed frequencies of at least some bands (not used in the determination of the 
constants) and the values calculated from the formula. On the basis of the recent work of Darling 
and Dennison (263) on H 2 O (see above), it now seems certain that these discrepancies are due mainly 
to a mutual perturbation of levels vi, V 3 , and vi 2 ,vz — 2 (the other quantum numbers being equal) , 
which is expected to be fairly strong since vi and ra have very similar magnitudes. However, liew 
calculations taking account of this have not as yet been completed. 

In Table 68 , all infrared and Raman bands are given. The assignment that has been adopted 
in this table is that of Herzberg and Spinks (441) as recently modified by Wu (26). Neglecting 
resonance effects, this assignment gives a fair representation of all the bands below 10000 cm~i, 
whereas for three or four bands above 10000 cm~i rather large deviations occur. Another assign- 
ment recently proposed by Wu and Kiang (963), which is an extension of the earlier one of Sutherland 
(824), gives in general about as good an agreement, but it fails rather badly (by 40 cm”"^) for the 
accurately measured band 8512.1 cm"^, whose upper state is not one of a resonating pair. Also, 
in this assignment, 2 vi - 1 - V 3 is considerably more intense than Svs, which does not appear to be very 
plausible, and finally the anharmonic term 0:33 comes out much smaller than one would expect for 
a C — H vibration. Still another assignment has been given by Mecke and Ziegler (618). It is 
based on Mecke’s treatment of a system containing two identical bonds without the use of normal 
coordinates. The apparently excellent agreement of this assignment with the observed data has 
been shown to be due, at least in part, to a mistake in sign [Childs and Jahn (206) ; see also Wu (26) ]. 
Since all sets of constants coj®, Xik, On, and coi thus far derived do not take the effect of resonance into 
account, wo refrain from giving such a set, but refer to the papers by Herzberg and Spinks (441) 
and Wu (961). It seems that for an accurate representation of the higher overtone bands in the 
visible region the introduction of cubic coefficients is necessary. For an accurate determination of 
the vibrational constants, now infrared measurements in the region from 3000-7000 cm~i with high 
dispersion would be very desirable. 

Heavy acetylene, C 2 HD and C 2 D 2 . The spectra of the heavy acetylenes have been investigated 
by a number of investigators, but not in as much detail as that of C 2 H 2 . Only for C 2 HD have 
overtone and combination bands in the photographic infrared been observed. Tables 69 and 70 
give the observed data and the (fairly obvioxis) assignment of the bands. 

Assuming the simple harmonic oscillator approximation, Colby (225) has predicted the funda- 
mental frequencies of C 2 HD and C 2 D 2 from those of C 2 H 2 and has obtained satisfactory agreement. 
Instead of giving his data, we apply the Teller-Redlich product rule as a chock for the assignment 
of the fundamentals. Comparing C 2 H 2 and C 2 HD, we obtain from (II, 313), using the point group 
Cmv which is common to both, 

(a>iM2M :i)CBTTD 
(dOlW20Ja)CBH2 

(to ^cotOCaHP 
(aj4COt.)c2Hs 

®® Another difiorenco in the spectrum, apart from the rotational fine structure, would be that 
one Raman line should bo depolarized for the linear model, whereas all three should bo partly polarized 
for model II. But the degree of ijolarization of the weak Raman line of C 2 H 2 has not been measured. 

®® As for the linear model, one of the Raman active vibrations would be depolarized. 


-4 

-4 


H(2mo -f w ii -4 - mr>) 
TOi)(2ntc + 2w.ji) 

>» it( 2 ntc -f OTH + mp) /02TIO 
OTD(2mc + ^mn) /C 2 H 2 


(III, 63) 
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Table 68. infbarbd and raman spectra of gaseous C2H2. 


^vacuum r 




Upper state®^ 



Lower state®^ 


observed^^ 

Band type®^ 













References 













(cm™^) 


Vi 

Vz . 

Species 

Vi Vz 

Vz 


Species 

. 

611.8®4 

R, v.w. 

0 

0 

0 

p 

0 

Hj, 

0 

0 

0 

0® 

0® 

-h 

(150) (151) (342) 

729.1 

I. _L v,s. 

0 

0 

0 

0 

11 

n„ i 

0 

0 

0 

0® 

0® • 


(574) (419) 

1328.1 

I. II 8. 

0 

0 

0 

1* 

11 


0 

0 

0 

0 

0® 


(574) (419) 

1956 

I. J- w. 

0 

0 

0 

2® 

11 

n„ 

0 

0 

0 

0® 

0® 

Zjg 

(812) 

1973.8 

R* v.s. 

0 

1 

0 

0 

0 


0 

0 

0 

0® 

0® 


(377) 

2215 

I. 11? w. 

?0 

0 

0 

0 

31 

II w 

0 

0 

0 

0® 

0® 


(812) 

2701.5 

I. X m. 

0 

1 

0 

0 

11 

Ilti 

0 

0 

0 

0® 

0® 


(574) (611) 

3287®® 

I. 11 V-S. 

0 

0 

1 

0 

0 


0 

0 

0 

0® 

0® 


(574) (441) 

3294? 

I. 11 w. 

0 

1 

0 

11 

11 


0 

0 

0 

0® 

0® 


(618) 

3373.7 

R. s. 

1 

0 

0 

0 

0 


0 

0 

0 

0® 

0° 

St,-*- 

(377) 

3881 

I. X w- 

0 

1 

0 

2® 

11 


0 

0 

0 

0® 

0® 


(574) 

3897 

I. X m. 

0 

0 1 

11 

0 

II 

0 

0 

0 

0® 

0® 


(574) (611) 

4091 

I. X m. 

1 

0 

0 

0 

11 


0 

0 

0 

0® 

0® 

St,-*- 

(574) (611) 

(4690)®® 

? I. ? 

1 

0 

0 

V 

11 


0 

0 

0 

0® 

0° 


(609) 

(5250)®® 

? I. ? 

0 

1 

1 

0 

0 


0 

0 

0 

0® 

0® 


(609) 

(6500)®® 

?I. ? 

1 

0 

1 

0 

0 


0 

0 

0 

0® 

0° 

V -f 

(609) 

8512.1 

P.I. 11 s. 

1 

1 

1 

0 

0 


0 

0 

0 

0® 

0® 

' V +• 

(441) 

9085 

P.I. X w. 

1 

1 

1 

V 

0 

n„ 

0 

0 

0 

0® 

0® 


(341) (339) (342) 

9151.7 

■ P.I. jl m. 

0 

3 

1 

0 

0 


0 

0 

0 

0® 

0® 

St,-*- 

(341) (339) 

9177 

P.I. X v.w. 

0 

1 

2 

0 

11 

n„ 

0 

0 

0 

0® 

0® 

s®-*- 

(342) 

9366 

P.I. X v.w. 

?2 

1 

0 

0 

11 

n,, 

0 

0 

0 

0® 

0® 


(341) (339) 

9639.8 

P.I. 11 v.s. 

0 

0 

3 

0 

0 

/JU 

0 

0 

0 

0® 

0® 


(441) 

9667.9 

P.I. 11 m. 

1 

1 

1 

2® 

0 


0 

0 

0 

0® 

0® 

y. + 

Zjg 

(441) (339) 

9744.6 

P.I. 11 w. 

0 

1 

2 

F 

11 

SJ- 

0 

0 

0 

0® 

0® 

y 4* 
^0 

(342) 

9835.1 

P.I. 11 s. 

2 

0 

1 

0 

0 


0 

0 

0 

0® 

0® 


(441) 

9905.7 

P.I. 11 w. , 

1 

1 

1 

0 

2® 


0 

0 

0 

0® 

0® 

y -h 

Zjg 

(342) 

10364.8 

P.I. X m. 

1 

0 

2 

0 

11 

n„ 

0 

0 

0 

0® 

0® 

'V' -H 

(341) (339) (342) (618) 

10413.5 

P.I. X v.w. 

2 

0 

1 

11 

0 

n„ 

0 

0 

0 

0® 

0® 

s.-" 

(342) (618) 

11570.7 

P.I. 11 m. 

?1 

2 

1 

2® 

0 

■V -h 

0 

0 

0 

0® 

0® 

St;-*- 

(340) 

11586.4 

P.I. 11 m. 

?1 

3 

0 

31 

11 

y\ -h 

0 

0 

0 

0® 

0® 

Sa-*- 

(340) 

11600.1 

P.I. 11 m. 

0 

1 

3 

0 

0 

y\ 

0 

0 

0 

0® 

0® 


(340) 

11663.3 

P.I. 11 w. 

0 

2 

2 

11 

11 

y\ -h 

0 

0 

0 

0® 

0® 


(342) 

11782.9 

P.I. II m. 

2 

1 

1 

0 

0 


0 

0 

0 

0® 

0® 

y 4- 

Z/g 

(418) (342) 

12675.7 

P.I. 11 a. 

1 

0 

3 

0 

0 

^ H- 

0 

0 

0 

0® 

0® 

y 

J^g 

(419) (340) 

12711.0 

P.I. 11 w. 

0 

1 

3 

2® 

0 


0 

0 

0 

0® 

0® 

V + 

^g 

(341) (.339) (342) 


SI Wherever available, band origins calculated from the fine structure are given (see Chapter IV). 

The intensity estimates are only relative for comparison of neighboring bands. For explana- 
tion of symbols see footnote 13, p. 274. 

S3 The numbering of the vibrations is that used in Fig. 64a; see also footnote 58, p. 288. 

S'* This figure is the difference of the bands at 10413.5 and 9801.7 as well as at 13230.3 and 12618.5. 
In the Raman spectrum Bhagavantam and Rao (150) (151) have observed a very weak doublet 
at 589 and 646 cm“^ whose center (618 cm"^) is in sufficiently close agreement with the above more 
accurate value. The two doublet components represent the unresolved S, R and P, O branches 
respectively whereas the Q branch, in agreement with the theory [[Placzek and Teller (701) ; see also 
p. 399]. is too weak to be observed. See, however, Glockler and Renfrew (380). 

s® This value is not very accurate because in consequence of overlapping by another band the 
zero line cannot be accurately determined. From the difference band 2669.0 cm"*^ one would obtain 
3280.8 cm~3^ for vz Csee Mecke and Ziegler (618) []. 
ss Measured with very small dispersion. 
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Table 68. — Continued. 


^^vacuurnt 

observed®^ 

(cm“^) 

Band type®* 

Upper state®^ 

Lower state®^ 

References 

Vz 

1 

Species 

Vi V2 Vz 


Species 

12732.7 

P.I. 11 w. 

1 

3 

0 

51 

11 


0 

0 

0 

0® 

0® 


(342) 

13033.3 

P.I. 11m. 

0 

1 

3 

0 

2® 


0 

0 

0 

0 ® 

0® 


(341) (339) (342) 

13230.3 

P,I. JL w. 

1 

0 

3 

11 

0® 

U-n 

0 

0 

0 

0 ® 

0® 


(342) (618) 

13532.4 

P.I. 11 w. 

0 

2 

3 

0 

0 


0 

0 

0 

0® 

0® 


(342) 

14597.1 

P.I. 11 w. 

0 

2 

3 

2® 

0 

y, 4 , 

0 

0 

0 

0® 

0® 

2 .+ 

(342) 

14617.0 

P.I. 11 m. 

1 

1 

3 

0 

0 


0 

0 

0 

0® 

0® 


(341) (339) 

15081 

P.I. ± v.w. 

?i 

1 

3 

11 

0 

n„ 

0 

0 

0 

0® 

0® 


(342) 

15600.2 

P.I. 11 m. 

0 

0 

5 

0 

0 


0 

0 

0 

0® 

0® 

4* 

(418) (342) 

17518.8 

P.I. 11 w. 

0 

1 

5 

0 

0 


0 

0 

0 

0® 

0® 


(342) 

18088 

P.I. JL. v.w. 

0 

1 

5 

11 

0 

n„ 

0 

0 

0 

0® 

0® 

y + 

^ Q 

(342) 

18430.2 

P.I. 11 w. 

1 

0 

5 

0 

0 


0 

0 

0 

0® 

0® 

y 4 . 

(418) 

(716)®^ 

I. ± W. 

0 

0 

0 

11 

11 

S„+ S„- A„ 

0 

0 

0 

11 

0 


(574) (618) 

2642.5 

I. ± w. 

1 

0 

0 

0 

0 

i . 

0 

0 

0 

0 

11 

Hm 

(574) (611) 

2669.0 

I. _L W. 

0 

0 

1 

0 

0 

1 

0 

0 

0 

11 

0 


(574) (611) 

2682.3 

I. ± w. 

?0 

1 

0 

11 

11 

Sm"*” Am 

0 

0 

0 

11 

0 


(574) (441) 

4076 

I. ± v.w. 

1 

0 

0 

11 

11 

Sm Am 

0 

0 

0 

11» 

0 

. n. 

(574) (25) 

9602.7 

P.I. 11 m. 

0 

0 

3 

11 

0 

Hm 

0 

0 

0 

11 

0 


(441) (339) (340) 

9801.7 

P.I. 11 w. 

2 

0 

1 

11 

0 

n„ 

0 

0 

0 

11 

0 

llo 

(.341) (339) 

12618.5 

P.I. 11 w. 

1 

0 

3 

11 

0 

Hm 

0 

0 

0 

11 

0 


(341) (339) (340) 

15521 

P.I. 11 v.w. 

0 

0 

5 

11 

0 

Itu 

0 

0 

0 

11 

0 

Tip 

(342) 


Substituting for the cof the frequencies vi of the observed fundamentals (1-0 transitions), we can, of 
course, not expect exact agreement (see p. 232). We obtain for the left- and right-hand sides of 
the first equation 0.7288 and 0.7207, and for the second equation substituting the moments of inertia 
given in Chapter IV (p. 396), 0.7944 and 0.7854. Comparing C 2 H 2 and C 2 D 2 , we obtain from 
(II, 313), using now point group Doo/., 


(<JlM2)CiiD2 

(wxW2)C2H* 

(«>'|)C2D2 

(W4)C2H2 



4 


W^H 7caDg ^ 
w.dI‘C3H2 ’ 


(t«Ja)C2D3 _ mfi (7no + mr>) _ 
(w»)C 2 H 2 \ uiD (?nc A- mu) 

(<^b)C3D.. _ /wH me + y»D 

(«b)C 2H2 'X/mowBC+WH 


(III, 64) 


Substituting again the observed fundamentals vi, we obtain for the left and right sides of the first 
equation 0.7147 and 0.7074, of the second equation 0.7384 and 0.7342, of the third equation 0.825 and 
0.8340, and of the fourth equation 0.7394 and 0.7342. 

It should bo noted that, since C 2 HD does not have a center of symmetry, all fundamentals are 
allowed in the infrared as well as in the Haman effect; indeed, all have been observed in the infrared 
(see Table 69). The selection rules that hold for C 2 H 2 and C 2 D 2 'do not even apijroximately hold 
for C 2 HD. This is made particularly clear by Fig. 87, in which the amplitudes of the atoms in the 
vibrations vi, v^, and va of C 2 H 2 and C 2 HD are drawn to scale according to calculations by Forster 
[see Herzberg, Patat, and Vorloger (439) ]. It should be noted that in C 2 HD, according to Fig. 87, 
the vibration vi is essentially a C — H vibration whereas vs is essentially a C — D vibration. Corre- 
spondingly, as confirmed by more detailed calculations and the observations (Table 69), pi and its 
overtones are equally intense as, or oven more intense than, pa and its overtones, whereas Pi is 
forbidden in C 2 H 2 . 


Very uncertain, derived by Mecke and 2!iogler (618) from a disturbance in the galvanometer 
curve of Levin Jind Moyer (574) of the 729 band. They did not take into account the fact that this 
Isand consists of throe subbanda. 



292 


VIBRATIONAL INFRARED AND RAMAN SPECTRA 


III, 3 






i. 

-“O— 










*; 



o c>» o 


-O 


-o 


-♦ 


o 


I 1 yC* I >raIo ,of mUTiuirloar (li^tanrc*;^ 

j 0.1 A Ui.splactMuentf* 

Fig. 87. Parallel vibrations of C 2 H 2 and C 2 HD drawn to scale. — The scale of displacements 
in. all six diagrams is the same but different from the scale of distances (see bottom of figure). The 
former apply to the classical motions in the first vibrational state (v = 1) of each vibration. 


Table 69, infbaeed and baman spbctea of gaseous C 2 HD. 


^vacuum » 
observed®® 
(cm-^) 

Band type™ 

Assignment®^ 

References 

518,8 

I. ± s. 

VAi-ir) 

(711) (225) (812) 

683 

I. ± s. 

vsiir) 

(711) (225) (812) 

1202 

I. 11 m. 

P4+V6(S+)"^ 

(711) (225) (812) (054) 

1330 

I. JL w. 


(812) (654) 

1343 

I. 11 m. 

2v6(S+)71 

(812) 

1851.2 

I. 11 m, R. s. 


(377) (812) 

2045 

I. ? w. 

SnCII), V3—VA 

(812) 

2584 

I. ? s. 

vz(.<r'^) 

(225) (812) ((554) 

' 3334.8 

I, s. R. s. 


(377) (812) (654) 

3950 

I. w. 

vi+»/4(n), vi+ndD 

(812) 

5100 

I. w. 

2p3(S+), ri+raCS-*-) 

(812) 

8409.4 

P.I. 11 m. 

2vi+>'2(2+) 

(437) (439) 

9050.6™ 

P.I. _L v.w. 

2i/iH-j/2+»'6CII) 

(439) 

9115.5 

P.I. 11 w. 

2yi-{-V3 -\-va — va 

(439) 

9138.9 

P.I. 11 m. 

2vi +^'3(S■'■) 

(437) (439) 

9404.8 

P.I. 11 m. 

V2+3»/3(S+) 

(439) 

9691.9 

P.I. 11 w. 

Zvi-\-VA—VA 

(439) 

9706.4 

P.I. 11 s. 

3pi(S+) 

(437) (608) (439) 

10211™ 

P.I. ± v.w. 

3^1 +V4(n) 

(439) 

11526 

P.I. 11 w. 

3pi+.^2(S+) 

(439) 

12263.0 

P.I. 11 m. 

3.»i+P3(S+) 

(439) 

12735.0 

P.I. 11 w. 

4:Pl -\-Va —Va 

(439) 

12746.8 

P.I. 11 m. 

4ri(S-'-) 

(439) 


On p. 274. 

®® With the exception of 9050.6 and 10211 cm" ^ the numbers given for the photographic infrared 
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Table 70. infrared and baman spectra of gaseous C2D2. 


observed 

(cm~*) 

Band type*® 

Assignment 

References 

(505)^2 

_ 

F4(n„) 


S39.1 

I. X v.s. 

>'6(no 

(711) (812) 

1044 

I. llm. 

V4 + V&iXu+)^ 

(711) (812) (654) 

1223 

I. X w. 

V2 — ^5 

(812) 

1610 

I. X v.w. 

3P6(n„)^^ 

(812) 

1762.4 

R. 8. 

y!t(.(rgD 

(377) 

1926 

I. X v.w. 

V3—P4 

(812) 

2157 

I. X? v.w. 

VI— V& 

(812) 

2311 

I. w. 

V2 + Vs{Ilu) 

(812) 

2427 

I. s. 

Vi(<ruD 

(812) (654) 

2700.5 

R. s. 

»'i(o'o"*") 

(377) 

2940 

I. v.w. 

Vi +P4(IIu) 

(812) 

3280 

I. w. 

Fl+P5(n„) 

(812) 

5120 

I. v.w. 

vi +ps(n„) 

(812) 


Pyanogen, C2N2. Prom considerations of electronic structure and valence one would expect 
C2N2 to be a linear ssmimetrical molecule just as is C2H2. The fact that no band has been found 
that occurs both in the Raman and infrared spectrum is in support of this, although it does not prove 
it. It would be difficult to prove the linear structure in this case by showing that there are only five 
rather than six fundamentals, since fundamentals may occur in regions that are not well investigated, 
and since one of the observed bands usually interpreted as a combination might bo a fundamental. 
However, electron diffraction data of Pauling, Springall, and Palmer (687) favor a linear model.'^^ 
Even though it appears that a slightly bent structure, like II in Fig. 86, might also be compatible 
with these data, we shall for the interpretation of the vibrational spectrum assume that C2N2 ia 
linear, as has always been done in the literature.'^* 

Table 71 gives the vibrational spectrum according to the most recent data of Reitz and Sabathy 
(737) and Bailey and Carson (78). The assignment of the fundamentals is that due to Woo and 
Badger (950). Objections to this assignment on the basis of specific heat data []Eucken and Bertram 
(311)] seem to have been cleared up recently Cseo Burcik and Yost (184) and Stitt (811)]. A alight 
difficulty is the great intensity of the Raman line corresponding to P4 which is more intense than that 


bands are band origins calculated from the band fine structure. For the bands observed both in the 
infrared and Raman spectrum the more accurate Raman frequencies are given. 

The designation is similar to that for C2H2 (see Fig. 87), which leads to a slight inconsistency 
in our general nomenclature in that for C2HD vi, P2. and pa have the same species and should therefore 
be designated in the order of their frequencies. 

™ Only the line-like Q branch of each of these bands has been measured (in contrast to the other 
photographic bands). The Q branches are very weak and their wave numbers consequently not 
very accurate. 

The state P4 H- vn, according to Table 33, consists of the substates S'*", S'", A, of which only 
the first combines with the ground state. Similarly, for 2pc and 3 p 6 only the components indicated 
in the table combine with the ground state. 

This is obtained from the infrared band v* -V v a = 1044 cm~*. 

To be sure, they have based their evaluations right from the start on the assumption that 
it is linear. 

An unambiguous proof of the linear structure would be possible if the fine structure of the 
bands were resolved. Thus far this has not been done. 
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corresponding to vi whereas usually the totally symmetric vibrations are the more intense ones.^® 
Another diflB.culty is the non-occurrence of va Hh vt in the infrared spectrum, although *^2 ' *'s 

appears. 


TaBLK 71. INFBARED SPBCTETJM OP GASEOtTS AND BAMAN SPECTRUM OP LIQUID CaNTa, 
AFTER BAILEY AND CARSON (78), AND R,EITZ AND SABATHY (737), 


^vacuum/® observed 
(cm~^) 

Type of band 

Assignment 

226 

I. ±? s. 

»'r.(7r„) 

S06 

R. (liquid) s. 

Mito) 

618 

I. ± m. 


732 

I. 11 8. 

I'4+J'5(S„+) 

848 

R. (liquid) m. 

»'2(0-(,+) 

1026 

R. (liquid) w. 

2v5(Sa‘*‘. Aa) 

1102 

R. (liquid) v.w. 

? 

2092 

I. ± w. 

vi—va 

2149 

1 . 11 s. 

vzia-u'^) 

2322 

R. (liquid) v.s.^® 


2562 

I. ± s. 

Vl+V(,01u) 

2662 

I. 1 s. 

V3+>'4(ntt) 


Ammonia, NH3 and ND3. In previous considerations, when the ammonia molecule was used 
as an example we took the pyramidal structure and the assignment of the fundamental frequencies 
for granted. We shall now review briefly the spectroscopic evidence«that leads to the assumption 
of this structure, and also leads to the proper selection of the fundamentals. In doing this w© shall 
treat heavy and light ammonia simultaneously as far as possible. 

The investigation of the rotational Raman and infrared spectra of ammonia (see Chapter' I) 
has shown that the NH 3 molecule is a symmetrical top with a permanent electric dipole moment. 
The simplest explanation of this observation is to assume a symmetrical pyramidal structure with 
the N atom at the top. But it is not the only one. While the observation of the infrared rotation 
spectrum excludes definitely a plane symmetric structure (point group Dzh', see Fig. lb), sine© for 
such a structure no dipole moment could arise, it does not exclude an unsymmeti'ical structure in 
which the molecule just happens to have two equal or nearly equal moments of inertia (for example, 
plane unsymmetrical model of point group C 2 », or pyramidal unsymmetrical model of point gr<:>ui> C,). 
But in this case the molecule would have to have six fundamentals, whereas on the assumption of the 
symmetrical pyramidal structure (point group Cs®) it would only have four fundamentals, two totally 
symmetric (Ai) and two doubly degenerate (F?) (see Table 36). The large number of ordinary 
and photographic infrared bands as well as the Raman bands can, however, be satisfactorily ac- 
counted for on the basis of four fundamentals. There is no evidence at all of two more fundameirtals. 
Thus we can take the symmetrical pyramidal model as proven,'^^ 


« On p. 2S3. 

Daure and Kastler (266) found a Raman line of the gas at 2330 cm“^. Kastler (not© added 
to reprint of Daure-Kastler) found a Raman line of liquid C 2 N 2 at the same place within their 
accuracy (±5 em~^). 

This diflaculty may be due to the fact that the Raman spectrum was observed in the liquid 

state. 

If this had been found for NH 3 alone it might conceivably have been due to an approximate 
coincidence of two pairs of normal frequencies. But the fact that ND 3 also shows only four funda- 
mentals proves the point conclusively. 


Ill, 3 


INDI VI D UAL MOLEC ULES 


295 


In Table 72 are given the fundamentals of NH 3 and Nr >3 as obtained from the infrared and 
Raman spectra. The numbering of the frequencies is that used in Fig- 58 and in Table 38.^ 
According to the selection rules (Table 55) all four fundamentals are both infrared and Raman active. 
The fact that the degenerate vibrations vz and ^4 have not been observed in the Raman spectrum is 
in agre^^ment with the usual weakness of Raman lines corresponding to non-totally symmetric vibra- 
tions- At the same time, this consideration together with the fact that the Raman line 3334.2 is 
polarized confirms the correlation of 3334.2 and 950 cm"'^ with vi and V 2 rather than Va and 3 ^ 4 , quite 
apart from the structure of the infrared bands- The weakness of vz of NH 3 in the infrared is perhaps 


Table; 72. fundamentals of oaseous NHs and NI >3 as obsebved 

IN THB INFRARED AND RAMAN SPECTRA 



NH 3 

NDs 

Infrared, 

r vacuum 

(cm-i) 

Raman, 

^^vacuuin 

(cm’“^) 

! References 

Infrared, 

J'vacuuiii 

(cm”i) 

Raman, 

A J'vsicuum 
(cm~"^) 

References 

yi(ai) 

ys(o) 

1^4 (e) 

3335.9 ,, 

3337 . 5 / »«• 

931.58'! 
968.08/'' 
(3414)^» ± 
1627.5 J_ v.s. 

3334.2 v.s. (pol.) 

934.0 \ 

964.3 /““• 

/(281) (42) 
1(576) (267) 
/(785) (42) 
1(676) 

(106) 

(106) 

2419 11 
748.61 

749 . 0 /" 

2555 ± 
1191.0 X 

2420.0 s. 

(786) w. 

(624) (385) 

(624) (385; 

(624) 

(624) 


less easily understood. It is partly only apparent since vz is overlapped by the strong band 
The value given is obtained from combination bands.®^ * A further check on the essential correctness 
of the fundamentals in Table 72 is obtained when they are substituted into the Teller-Redlich 
product rule (II, 313). 

A very notable feature of the totally symmetric fundamentals vx and of NH 3 is that they are 
double. For ND 3 the splitting occurs for vt but is much smaller than for NH 3 and is apparently too 
small to be detected for vu As has been discussed earlier (p. 221), this doubling is due to the fact 
that there are two equilibidum positions for the N atom at the two sides of the H 3 (or D 3 ) plane 
(innersion douhlwg ) . As wo have seen previously (p. 222) , all vibrational levels are split into two 
sublevels, a lower positive and an upper negative level, the splitting being relatively the lai'gest for 
those levels in which the height of the pyramid changes most during the vibration- In the infrared 
the selection rule is + — (see p. 257), hence each band has two components whoso separation 

is the sum. of the splittings of the upper and lower levels (see Fig. 78) ; in the Raman spoctruxn, where 
the selection rule is +■ +, — , the separation is the difference of the splittings of the upper 

and lower levels. Thus the two components of a Raman vibrational band should not agree exactly 
with those of the corresponding infrared band. Although such a difference has been observed for 
V 2 (see Table 72), the accuracy of the available Raman measurements is not sufficient to obtain 
from this difference reliable values for the splittings of the upper and lower levels. 

However, the individual splittings can be determined in the following way: The selection rule 
4- <— > — holds also, of course, for the pure rotation spectrum, and therefore every line of the rotation 
specti-um is double (see the observed spectrum in Fig. 12a, p. 33), the line splitting being again the 
sum of the splittings of the upper and lower states. But here the splitting is the same in the upper 
and lower states, and therefore the line splitting is just twice the splitting in the vibrational ground 


These two values were obtained by the author by interpolating the band origin between the 
doublets of the P and R branch given by Dennison and Hardy (281). 

Not very certain; see Sutherland (826), who suggests 3450 since it fits much better 

with the isotope relations. 

^ It should be noted that Demnison and his collaborators use a different numbering, exchanging 
V 2 and 

In the earlier literature one or the other of these combination bands at 5053 or 4433 cm"^ 
was taken to bo ra. See the discussion by Howard (459) who first suggested the lower value. 
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state, which is thus found to be 0.66 cm-i. Subtracting this from the splitting of the infrared bands 
vx and vz, we get the splittings 0.9 and 35.84 cm"! for their upper states 1, 0, 0, 0 and O, 1 , 0, 0 re- 
spectively. The same splitting of the ground state is also obtained by the observation of the transi- 
tion from the lower to the upper sublevel in the region of short radio waves (0.8 by Cleeton 

and Williams (215) (see p. 257). From these splittings, as has been mentioned previously CP- 224), 
the height of the NHs ps^ramid has been determined to be 0.38 X 10 ® cm. 

In Table 73 are given the wave numbers, band types, and assignments of the oortsiderable 
number of ovBTtonc and coTnhi/nation bands that have been observed for NH 3 . The assignments are 
essentially those given by Wu (26). The series of bands vi, 2vi, 3vi, 4ri, 5 j^i, 6 ri is most prominent. 
However, since rs is close to vx the bands vx d" vz and 2vz overlap 2vx'i 2^1 + vzt vi 2vz, Sva overlap 


Table 73. overtone and combination bands of gaseous NH 3 .®® 


I'vacuum* 

observed^^ 

Band type 

Assignment 

References 

(cm”^) 




629.3 

I. 11 (w.) 

2 v2 — *'2®'* 

(785) 

1922 

E,. (w.) I. (v.w.) 

2 r2(Ai)“ 

(42) (770) 

2440.1 1. 

2472.6/ 

I. ± (w.) 

vz^y 2 or 

(106) 

2861 

I. 11 (v.w.) 

3>^2(Ai)8^ 

(770) 

3219.1 

R. (w.) Cl 11 (m.)] 


(576) (106) 

4176\^ 

4216/ 

I. il (m.) 

V2 +2j^4[[Ai( -jrJBJ) ]? 

(106) 

4269 

4302/ 

I. 11 (s.) 

I'1+>'2 (Ai) 

(106) 

4433/^ 

4505/ 

I. ± (s.) 


(106) 

5053* 

I. ± (s.) 


(809) (105) 

6016 

I. ± (m.) 


(883) 

65951 

6624/ 

I. 11? (m.) 

2 j/i(2v3 , vi-\-vz) 

(883) 

7665 

7899 

I. ? (w.) 

R.I. ? (w.) 

^ 2j^ 3 -f- V2 (Ai ? 

(883) 

(899) 

81771 

8202 / 

(P.)I. ? (w.) 


(883) (899) 

8460 

(P.)I. ? (w.) 

2vz^^va{Ai^2E) 

(883) (899) 

9760.4* 

P.I. 11 (m.) 

3y'x(Ai) 

(196) (592) 

10099.7* 

P.I. 11 (w.) 

1 vx+2vziAx->rEyi 


10104.9* 

P.I. 11? (w.) 

(196) 

11364 

P.I. J_? (w.) 


(75) (592) 

12609.2* 

12619.8* 

P.I. 11 (W.) 

P.I. 11 (W.) 

4.vx{Ax'),2vx-\-2vzlAx{+E)'}, ••• 

(75) (196) 

15440 

P.I. ? w. 

6vx{Ax),Avx+vz{E), ••• 

(65) (477) 

18150 

P.I. ? (v.w.) 

6 vx(Ai), 5vi-\-vz{E), • • ■ 

(65) (477) 


Amaldi and Placzek (42) give two further very weak Baman bands at 2210 and 2270 om~*, 
which are difficult to interpret and of which they themselves say that a confirmation would be desirable. 

The wave numbers with an asterisk are zero lines of the bands, obtained from actual fine- 
structure analysis or from definitely identified Q branches. The other values arc band contora which, 
because of the extent of the bands, are not very accurate. 

This is only the transition 2‘*' ■*— 1 ~. 

“This is only the transition 2~-«— 0 + (infrared) and 2~'*-0~ (Raman) respectively. 

“The latter is the assignment of Sutherland (826), who takes vz « 3450 instead of 3414 
[[Barker (106) []. 

This is only the transition 3“ •*- O"*'. 
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3vi; and so on. While pu 3»'i» • • • parallel bands, that is, have Mz 0 (the upper state has 
species Ai; see Table 65), the bands overlapping them are perpendicular bands, that is, have Mz = 0 
(the upper state has species E), or they consist of parallel and perpendicular sub-bands. Tor ex- 
ample, since Pi has species At, pz species JS?, according to Table 31 the upper state of vi + Ps has 
species E^ and therefore the corresponding band is a perpendicular band. The upper state of 2pz 
has two sublevels, of slightly different energy and of species Ai and E (see Table 32), and therefore 
the band 2pz consists of two sub-bands, a perpendicular and a parallel one. Thus, in the region of 
6600 cm"^ (2z/i), we would expect two parallel and two perpendicular bands. Similarly, in the region 
of 9800 cm^^ (3ri), we would expect three parallel and three perpendicular bands, and in the region 
of 12600 cm~^ (4:vi) four parallel and five perpendicular bands. This explains the great complexity 
and the considerable extent of these ‘‘bands.’* They have been analyzed only partly and the band 
origins given for some refer to only one or two of the component bands, mostly of the parallel type. 
Much more work remains to be done before a satisfactory formula for the vibrational levels can be 
developed, particularly since resonance between certain sublevels of the states 3pi, 2 pi -f- pz, vi + 2 j^ 3 , 
3pz and similarly 4pu 3 pi + 1 ^ 3 , • ' • will be quite important. 

For ND 3 apart from the fundamentals, only the difference bands 2p2 — 3?^2 — P 2 f ^V 2 ^ 2 ^ 2 , 

4p2 — 21^2 and 4 j ^2 — 3^2 have been observed [^Migeotte and Barker (624) Instead of giving these 
explicitly we give in Table 74 the energy levels 0, 0, 0 of both NH 3 and ND 3 as far as they have 


Table 74. energy levels 0, 0, 0 of NH 3 and ND 3 according to dennison (280). 


Level (^ 2 ) 

NHa 

ND3 

0(0, V2f 0 , 0 ) cm"^^ 

G(0, V2, 0, 0) cm-i 

0+ 

0 

0 

0- 

0.66 


1 + 

932.24 

745.6 

1 “ 

968.08 

749.0 

2+ 

1597.4 

1359 

2- 

1910 

1429 

3+ 

2380 

1830 

3- 

2861*» 

2113 

4 ^- 


2495 

4- 


2868 


been observed, according to Dennison (280) [[see also Sheng, Barker, and Dennison (785)]. For a 
few of the levels, data on the ultraviolet absorption spectrum by Benedict (136) have been used. 

Migeotte and Barker (624) have also obtained the fundamentals P 2 of NH 2 D and NHD 2 at 894, 
874, and 818, 808 cm“^ respectively, showing intermediate values of the inversion splitting. 

Trihalides of phosphorus, arsenic, antimony, and bismuth. Thus far only the Raman spectra 
of the trihalides of phosphorus, arsenic, antimony, and bismuth have been investigated, and these 
only in the liquid state t)y Yost and Anderson (968); PCI3 and PBra by Braune and Engel- 

brecht (176), Venkateswaran (895), Cabaiines and Rousset (191), Nielsen and Ward (670); AaPa by 
Yost and Sherborne (973); AsCU and AsBra by Braune and Engelbrecht (176), Yost and Anderson 
(969), Brodskii and Sack (182) and Cabannos and Rousset (191) ; SbCU by Braune and Engelbi’echt 
(176) and Gupta (406) ; BiCla by Bhagavantam (144)]. All these molecules show four fairly strong 
Raman lines which have been given in the previous Table 38. The occurrence of just four Raman 
lines is best explained by the assumption that these molecules, like NH3, form symmetrical pyramids 
(point group Cav), since in this case we have to expect just four fundamentals which are all Raman 
active. If the molecules had a plane symmetrical form (point group Dzh) there would also be four 


This level has not been given by Dennison, but follows from the assignment of the infrared 
band at 2861 cm"^ in Table 73. 
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fundamentals but only three would be Haman active. Thus, this latter model is Au 

uusynametrical model is, of course, extremely unlikely, but such a model is not easily oli^noinated 
on purely spectroscopic reasons* It would lead to six Haman active fundamentals, but two might 
be weak and a few additional very weak Raman lines have indeed been found for some of tine com- 
pounds. However, the state of polarisation of the Raman lines is also in agreement with the sym- 
metrical pyramidal model, two Raman lines being partly polarized, the other two completely de- 
polarized. The fact that reasonable values for the force constants and the valence angles are obtained 
on the assumption of this model (see Tables 38 and 43) is further proof for it. Finally, it been 

confirmed for some of the molecules by electron diffraction experiments [see Brockway (ITS) H- 

The degree of depolarization of the Raman lines has, of course, also been used to decide which 
observed frequencies correspond to the totally symmetric (pn v) and which to the do^cjnerato 
normal vibrations (pn = f). 


Boron trifluoride, BF 3 . The two most plausible models for BF 3 are the pyramidal and hho plane 
symmetrical form (point groups and jDsa respectively). In both cases, there would be four 
fundamentals, of species 2Ai + 2E in the first and Ai' 4* A 2 " 4" in the second case (boo Table 
36) ; but, according to Table 55, in the first case all four would be active in both the infra-red and 
Raman spectrum, whereas in the second case, the (only) totally symmetric vibration (species Ax') 
would be inactive in the infrared, the antisymmetric vibration (species A 2 ^^) would be in.ac'tivo in 
the Raman effect. Observation shows three infrared-active fundamentals [[Gage and Barker (344)] 
and two strong Raman lines []Yost, DeVault, Anderson, and Lasettre (970)], only one of which 
coincides with one of the infrared bands. While this result favors the plane model, it iniKht be 
argued that the fourth fundamental (which gives the strongest line in the Raman spectrum) is weak 
only and not missing in the infrared, and thus the pyramidal model might still be correct. 

However, unambiguous proof for the plane model (excluding at the same time all unsy ixit 300 . 0 tri cal 
models) comes from the isotope effect. Boron has two isotopes B^® and B^^, of abundance I'otio 1 : 4. 
For the pjnramidal model (as well as for any unsymmetrical model), the B atom has a non-z;ex*o ampli- 
tude for any one of the normal vibrations and therefore every fundamental should be a» doublet 
consisting of bands of relative intensity 1 : 4. In a plane model, as a glance at Fig. 63 sbo ws, the 
B atom does not move in the totally symmetric vibration Pi(Ai), and therefore this vibratioia, unlike 
the other three, should not show an isotope splitting. Actually, it is found that while hlio three 
infrared-active fundamentals are such isotopic doublets with the correct intensity ratio, hlie one 
Raman active fundamental (888 cm"*!) that does not appear in the infrared is single, thxiB proving 
the plane model and at the same time identifying the Raman line at 888 cm""^ as the totally syxrr metric 
fundamental vu 

The assignment of the other observed fundamentals (Table 75) to the normal vibri^tions of 
Fig- 63 is simple on the basis of the previous isotope relations (Chapter II, section 6). From Cl It 313) 
we have: 


^2(B1®F3) 4 ” Smp (<03^04) 

«*J2(biif3) \^bio mall 4- 3mF (w3C04)biif3 


cm, 65) 


The only pair of frequencies (see Table 75) that gives the proper ratio for is 719.5 and 691.3 

V2 

cm“^ giving the ratio 1.0408, whereas the value of the square root is 1.04087. The ot^lier two 
frequencies ^ give 1.039. The overtone and combination bands are easily interpreted on 

VZP4 . 

the basis of these fundamentals and the selection rules of Table 65. They are given in ^I^'ablo 76* 
It is noteworthy that the second overtone 3^2 of the antisymmetric vibration P 2 seems to be present, 
whereas 2^2 is absent in agreement with the selection rules of the plan© model (Dzh) but of 0.0 other 
model. 

As has been pointed out previously (see Table 44 and accompanying discussion), the npplication 
of the valence force system leads to a satisfactoiy representation of the observed fundamentals of 
BF3 with reasonable values of the force constants, if the plane model is assumed. 


While it nught be that a molecule with three Raman-activ© fundamentals has fotir faiziy 
strong Raman lines because of Fermi resonance (see p. 266), it would appear to be impossible that 
such a resonance would occur for a whole group of molecules. 

The smaller of the two is by definition the larger of B^^Fs is less accurately mf^snaured. 
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In a way similar to the above, the molecules BCI3 and BBi-j have been found to have the plane 

fundamentals are given in the previous Table 44 (for references, see 
Tab e. 78). For all three boi'on halides, this structure has been confirmed by electron diffraction 
Pauling (17) Jj and for BFg and BCI3 also by measurements of the dielectric constant 
which show that the dipole moment is zero [see Nespital (651) and Linke and Rohrmann (580)]. 


Table 75. inprabed and raman spectra op gaseous BF3. 


' ''vacmiiii, observed**'’ 
(em-i) 

Band type 

Assignment 

References 

BiiF, 

B*«F3 

480.4 

691.3 

91 

888 

11 

1445.9 

1831 

20 

*• 22 
2903.2 1 

32 
1 

482.0 

719.5 

711.3 

888 

78 

1497 

1928 

58 

50 

3008.2 

60 

I. (s.) R. (m.) 

I. (s.) II 

I. (w.) 

R. (s.) 

I. (w.) 

I. (v.s.) 

I. (w.) 

I. (w.) 

I. (w.) 

I. (w.) 

I. (w.) 

r4(e0 

i'2(a2'0 

v^ + Vi—Vi 

V92 

1 V3+vVE') [or Pi+2vVE')2 

SvAAi") 

f'l+ViCE') [or 2vi -|-) i' 4(F') ] 

, 2p3(E') 

' 2pi+P3(E') ? 

; (344) (970) 
(344) 

(344) 

(970) 

(91) 

(344) 

(91) 

(91) 

(91) 

(344) 

(91) 


Phosphorus, P^. Up to now, only the Raman spectrum of the P4 molecule has been investi- 
gated, [Venkateswaran (890) ]. Three Raman shifts: 363, 465, and 606 cm"! have been found in the 
liquid.^^a The lines corresponding to the first two shifts are completely depolarized; that is, they 
correspond to non-totally symmetric vibrations, whereas the lines with a shift 606 cm-^, which are 
the most intense, have a degree of depolarization = 0.05 (which is 0 within the accuracy of 
the measui-oments). 

One would o.xpect the P atoms in the P 4 molecule to bo equivalent. The only models for which 
this would be the case are the plane square model (point gi-oup Di/J and the tetrahedral model (point 
group T,j). In the first case there would be (see Table 36) five fundamentals, one each of species 
Au„ Bi„, Biu, B‘zu, Eu, of which the three even ones (p) would be Raman active (Table 55). In the 
second case there would bo only three fundamentals of species Ai, E, and Fa, all of which would 
be Raman active. Thus, in both cases, three Raman hires are to be expected for each exciting line; 
two of them should be depolarized, as observed. 

An unambiguous decision between the two models on a spectroscopic basis would only be possible 
if the infrared spectrum were investigated, since with the first model no infrared band should coincide 
with a Raman band, whereas, in the second case, the only infrared-active fundamental (species Fa) 
should agree with one of the two depolarized Raman lines. But there are two arguments based on 
the available Raman data only which strongly favor the tetrahedral model, even though they do 
not definitely prove it: (1) lor this model the degree of depolarization of the Raman line correspond- 
ing to the totally symmetric vibration should be zero (see p. 271), as it seems to be, whereas for the 
plane square model it would have a value between 0 and f. (2) On the basis of the central force 
system the ratio of the frequencies for the tetrahedral model should be 1 : : 2, with the totally 

symmetric vibration highest [[see equation (11, 177)], whereas for the square model Cun the basis 


On p. 283. 

Overlapped by C(>2 absorption. 

*®Thi3 band would fit va + Vi but since the upper state would have species = E" (see 

Table 31), this combination is forbidden according to Table 55. It has not been found by Gago 
and Barker (344). 

Venkateswaran has found these shifts also in solid yellow phosphorus, and the last two in, 
phosphorus vapor. 
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of valence forces; see Kohlrausch (14)] the totally symmetric vibration should have approximately 
the same frequency as one of the other Raman-active vibrations. The actual fundamental fre- 
quencies do at least approximately fulfill the first condition. Bhagavantam and Venkatarayudu 
(153) have treated the tetrahedral model on the basis of the valence force system, which gives an 
even better representation of the frequencies than the central force system since two (rather than one) 
force constants are used. The investigation of the electron diffraction by phosphorus vatpor [^Max- 
well, Hendricks, and Mosley (606) ] has led very definitely to the conclusion that the molecule is 
tetrahedral. 

Formaldehyde, H 2 CO and D 2 CO. The formaldehyde molecule has always been assumed to 
have the plane symmetrical Y form (point group C^v; see Fig. 24), although a priori (except for 
considerations of directed valence) a pyramidal form with only one plane of symmetry (point group 
Cs) would also appear to be possible. However, the latter form is definitely excluded by the observa- 
tion of an intensity alternation (3 : 1) in the rotational structure of the infrared and ultraviolet 
bands [see p. 479f. and (288)]. On the basis of the vibrational spectrum of H 2 CO alone, it would 
be difficult to arrive at such a decision, since for both models all six fundamentals (see 3Fig. 24) are 
active both in the infrared and Raman spectrum (see Table 55). While there would be some differ- 
ences between the two models in the infrared activity of the combination vibrations a>nd in the 
polarization of the fundamentals in the Raman spectrum, the available data do not allow a decision 
on this basis. The only evidence from the available data on the vibration spectrum that definitely 
favors the plane model is that the product relations (see Chapter II, section 6) applied to the ob- 
served frequencies of H 2 CO and D 2 CO are well fulfilled on the assumption of the plane model. In 
what follows we shall assume this model. ^ 

Seven fairly strong infrared absorption bands have been observed for H 2 CO as well as D 2 CO 
by Nielsen (662) and Ebers and Nielsen (295) (296). The wave numbers of these bands are given 
in Table 76. One of them must be a combination or overtone band. Since only two C — H (C — D) 
stietching vibrations are expected (see p. 196), one of the three high-frequency bands must be the 
combination or overtone band, and it is natural to choose the weakest of the three, which has the 
shortest wave length. Its frequency is indeed very nearly double that of the band at 1503 
for H 2 CO and 1105.7 cm”^ for D 2 CO.^^ Thus the six remaining strong bands must b© the funda- 


TaBLE 76. INFKARED VIBRATION SPECTRUM OF GASEOUS H 2 CO AND D 2 CO 
AFTER EBERS AND NIELSEN (662) (295) (296). 


Assignment 

Type of band 

H2CO I'vacuvini^*^ 

D2CO ^-v.M-UU.U 

*'6(^2) 

1. ± s. 

1 167*5" 

938 iir,b 

vsibi 

I. ± s. 

1280*5“ 


V3(a{) 

I.Ils. 

1503 

1105.7 

V2iai) 

I. 11 v.s. 

1743.6*5" 

1700 

2 »' 6 (Ai)? 

I. 1 1 w. 

2081*5 


' >'i(ai) 

I. 11s. 

2780 

2055.8 


I. ± V. 3 . 

2874 

2159.7 

2 v 3 (Ai) 

I. 11 3. 

2973 

2208 


The Raman spectrum of aqueous solutions of H 2 CO which has been investigated is of no help 
here, since H 2 CO certainly does not remain unchanged in solution. 

It would also fit V 2 . + but this would be a JL band whereas the observed band is a H bund. 

For H 2 CO, Saknt and West (759) give in addition the weak bands 4590, 5240, 5430, 5650, 
6940, 7140, 8000 cm ^ measured under low dispersion. They are easily interpreted as (or 

V 2 + ^^ 4 ), vi + 2j^ 6, 2ri, 2 j/4, 2vi -f 2^4 + v% Zvi respectively. 

Ebers and Nielsen give 1165 and 1278 cm^i for those bands. However their values do not 
refer to the zero lines but to the first lines of the P branches. 

These values are not zero lines but refer simply to prominent features of the bands. 

This IS the value given by Nielsen (662) (corrected for vacuum). In the paper by Eliers and 
Nielsen (296) the value 1750 is given instead. 
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mentals, if it is assumed that there are no further strong infrared bands beyond the region investi- 
gated. Of the two high-frequency fundamentals, the parallel-type band corresponds obviously to 
^e ^mmetrical C H sketching vibration vt, the perpendicular-type band to the antisymmetrical 
C H vibration r 4 (see Fig. 24). The two low-frequency fundamentals are naturally assigned to 
the ^o bending vibrations v& and v^. Of the remaining two parallel vibrations, the higher one 
which shows only a small isotope shift, must be considered as the vibration which is essentially 
a C O vibration, whereas the other, with a large isotope shift, is the C — H bending vibration ra. 
The great intensity of the first overtone 2vz of vs is probably due to Fermi resonance with vt (see p. 266) . 

Using the valence force relations for the frequencies, (II, 214)-(II, 219), Ebers and Nielsen 
have obtained, from the assumed fundamentals of HaCO. values for the force constants which appear 
to be quite reasonable. In addition, using these force constants, they have calculated the funda- 
mentals of D 2 CO, with results in fair agreement with the observed. While this is a fairly strong 
argument in favor of their choice of fundamentals, it must be pointed out that the electronic band 
spec^m seems to lead to different frequencies for the bending vibrations rs and v« [see Herzberg 
and Franz (435), Gradstein (397), Sponer and Teller (802), and footnote 96) 

Hydrogen peroxide, H 2 O 2 . A number of different models have been suggested at one time or 
another for the HaOa molecule. Up to now, the investigations of its spectrum, because of great 
experimental difficulties, have not led to an unambiguous result as to its structure But these 
investigations do rule out definitely some of the proposed models add make others unlikely. Table 
77 gives the observed Raman spectrum of the liquid [[Simon and Feh6r (791) J and the infrared 
spectrum of the vapor [Bailey and Gordon (88). Zumwalt and GiguSre (977)3. It is seen that the 
two strongest Raman lines occur also as infrared bands, proving that the H 2 O 2 molecule does not 
have a center of symmetry (see p. 256) This excludes definitely the linear symmetric and the bent 
model of point group C 2 A (I and II in Fig. 86 for acetylene). Three other models that have been 
suggested are given in Fig. Since the degree of depolarization of the Raman lines other than 877 

cm and the type of the infrared bands is not known, it is not possible to decide between these 
three models on the basis of the vibration spectrum alone. According to Penney and" Sutherland 
(691), the third model (c), in which the H atoms are in two different planes through O — O approxi- 
mately at right angles to each other (point group C 2 , see Fig. 2a), is strongly favored by the theory 
of directed valence; however, according to Hellmann [p. 267 in (7)] model (b) is equally possible 
according to thb theory. Bailey and Gordon (88) have interpreted the available data on the basis 
of model (o). Ihey obtained reasonable values for the force constants, assuming valence forces. 


Table 77. infrared and raman spectra op H 2 O 2 . 


^vacuum, vapor 
(infrared) (cm~^) 

Avvacuuxn» llQllid 
(Raman) (cm'~^) 

Assignment 
(Bailey and Gordon) 

References 

870 (m.) 

877 (v.s.) (pol.) 


(88) (893) (262) (791) 
(895) 

1370 (s.) 

903 (v.w.) 

spurious 

(893) 


ro(5) 

(88) 


1408 (w.) 

r3(«) 

(791) 


1435 (w.) 

v-iia) 

(791) 

2809 (m.) 


vi(,a) 

(88) 

3417 (8.) 

10283.7 (v.w.) 

3407 (m.) 

Fsfb) 

(88) (791) 

10291.1 (v.w.) 

} 

3>.r.(R) 

(977) 


*** This band, while not mentioned by Ebers and Nielsen (295), was found by Patty and Nielson 
(684) and according to a private communication by Nielsen is still considered by him to be a genuine 
H 2 CO band. However, its suggested interpretation as 2r« requires a suspiciously large anharmonic 

term xocs. 

^ For the liquid the infrared spectrum gives complete numerical agreement of the two frequencies 

Lsee Bailey and Gordon (88)]]. 
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Their aasigumeixts are given in the third cohimn of Table 77. But these assignmenta must bo 
considered as decidedly tentative. 



Fig. 88- Suggested models of H 2 O 2 . — (c) is non-planar, see Fig, 2(a). 


More recently Zumwalt and Gigufere (977) have investigated the fine structure of two photo- 
graphic bands on the basis of which they consider both model (a) and model (b) excluded. However, 
their published photometer curve does not appear very convincing. They have interpreted the 
occurrence of two equally intense bands, close together, as due to an inversion doubling, which would 
only be possible for model (c). 


Table 78. fukther potjr-atomic molecules. 




Structure 

‘ References 

Molecule 

Point 

group 

Description 

Raman 

spectrum 

Infrared 

spectrum 

C2I2 


non-linear in solution (?) 

(377) 

(304) 

PHa. PDs 


pyramidal, 

(732) (968) (459) 

(740) (338) (572) 

AsHa, AsDa 

Czv 

valence angle 
pyramidal, 

(421) (830) 

(469) (830) (273) 

(()74a) (572) 

NFa 


valence angle 97,5° 
pyramidal, 

(421) 

(92) 

CIOs", BrO;-, lOs" 

Cliv 

valence angle 110 ° 

pyramidal, 

(784) (545) (750u) 

(083) (21) 

BCls, BBrs 

D\^h 

valence angle 89° 
plane symmetric 

(52) 

(195) 

SO3 


plane symmetric (?) 

(350) 

(348) 

NO3- C 03 “ 

Dzh 

plane symmetric 

(767) (49) (720) 

(765) (764) (928) 

CI3CO 

O 2 1) 

plane symmetric 

(637) (199) 

(645) 

(48) 

(89) (852) 

CI2CS 


plane symmetric 

(844) 

(852) 

F2SO, CI2SO 

c« ? 

pyramidal 

(142) (603) (896) 

(887) 

S2CI2 

C2 

(like H2O2) ? 

(635) 


NaH 

Cs 

plane, N 3 group linear 

(306) 

(438) (268) (318) 

HNCO 


(?) 

(394) 

(319) (188) 
(445) 

«)■ 

HNO2 


(?) 

(14) (10) (299) 


? 

(?) 

(325a) 

(476a) 


On p. 287. 

Very probably this molecule is linear in the gaseous state but a change of structure or a viola- 
tion of Raman selection rules occurs in solution, the only state investigated. 

Stevenson (806) obtained an angle of 93*^ from the spectroscopic value for one of the moments 
of inertia and an assumed value for the P— H distance. 
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The Raman' spectrum of D 2 O 2 has been investigated by Feher (320), who found the thi'ee shifts 
2510, 1009, and 877 cm“^ The agreement of the last of these with the H 2 O 2 frequency 877 cm“^ 
proves that this frequency corresponds mainly to an O — O oscillation. 

Other four-atomic molecules. In Table 78 are given the structures of several further four- 
atomic molecules, as well as references to the more recent work on their Raman and infrared spectra 
on which the conclusions as to the structures are based. It should again be noticed that molecules 
' with the same number of external electrons have the same geometrical structure. For example, 
the ions NO 3 ”" and COa as well as the SO 3 molecule have the same plane symmetrical 
structure (i> 3 /t) as the isoelectronic molecules BF 3 , BCI 3 , BBrs. CIOs*”, BrOa”", 103 *” have the same 
pyramidal structure as the isoelectronic PF 3 , AsFa. A number of more-than-four-atomic molecules 
may for certain purposes be considered as four-particle systems, for example N(GH 3 ) 3 , P(CH 3 ) 3 , 
As(CH 3 ) 3 , HC(CH 3 ) 3 , Al(CFl 3 ) 3 , HCCI 3 , and others [see Kohlrausch (14) and the more recent work of 
Feh5r and Kolb (321), Rosenbaum and Ashford (744), and Rosenbaum, Rubin, and Sandburg (745)]. 

(c) Five-atomic molecules 

Carbon suboxide, C 3 O 2 . Electron diffraction data [Brockway and Pauliirg (181), Boersch (157)] 
point to a linear symmetric form for the C 3 O 2 molecule, whereas the observation of a small (non-zero) 
dipole moment favors an asymmetrical structure [Le F^^vre and Le F5vre (573) ]. Valence considera- 
tions strongly favor the linear model and 
therefore, despite the contrary evidence of 
tho dipole measurements, it is usually used 
as a basis for the interpretation of the 
spectrum. Unfortunately, the available 
Raman and infrared data [^Engler and Kohl- 
rausch (306), Lord and Wright (590)] are 
not sufficiently complete to decide the ques- 
tion unambiguously. 

Since it appears that the electron diifrac- 
tion data are also compatible with one of the 
bent forms II (point group C 2 /O and III 
(point group C 21 O of Fig. 89, we shall include 
them with the linear model (I in Fig. 89, point group DcaJi) iu at least part of our discuj^sion. For 
the three models the number of viV:)rations of the various ai>ecies and their activities (I- — infrared 
active, R. == Raman active) arc (see Tables 35, 36, and 55) : 

I (£)«,/0 : 2 2:,/''(R.), 2 2:u^(I.), 1 n,;(R.), 2 IIu(I.). 

II (C./O : 3 A,;(R.), 2 Au(I,), 4 R,.(I.). 

Ill (C 2 .) : 4 Ai(L, R.), 1 AaCR.), 3 /ii(I., R.), 1 R^I., R.). 

Here the numbers in front of the symbols arc the numbers of normal modes of the particular species. 
For models I and II, ‘since there is a center of symmetry the rule of mutual exclusion should hold. 
Actually there are two fairly close coincidences: the Raman lines 1114 and 2200 and the infrared 
bands 1126 and 2190 It is very doubtful whether the dillerence is outside the limits of error 

and therefore, at any rate, it is not possible to exclude model III on the basis of the rule of mutual 
exclusion. 

Five Raman lines have been observed (see Table 79). On the basis of models I and II only 
three fundamentals are Raman active. Therefore two of the Raman lines mtist be overtone or 
combination bands if one of these models is correct. This assumx^tion is not necessary for model III, 
fur which all fundamentals are R.amaii active. This point favors model III somewhat, since there 
does not seem to be a Fermi resonance which could make plausible the relatively high intensity of 
the overtone or combination bands in the Raman spectrum. On the other hand, the observed 
infrared si>ectriim can be represented by means of four (infrared-) active fundamentals, in agreement 
with model I, whereas models II and III would have six and eight active fundamentals respectively. 
Also, Engler and Kohlrausch (306) carried out calculations for model I on the l>aHiB of a generalized 
valence force system and, lining the Raman frequencies, the only frequencies tdieii available, predicted 
the infrared-active fundamentals, whicdi turned out to be in rough agreement with those later ob- 
served by. Lord and Wright (590) . To be sure, similar calculations have not been carried out as yet 
for the other two models. 


Q d C <: O ^ 

^ O D - O ' nn tf i>«A 
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While there is thus no particular point in favor of model II, it seems that the spoctroscopio 
arguments for model III have about as much weight as those for model I. Further investis^i^tiong, 
with higher dispersion, and including polarization measurements of the Raman lines, will be necessary 
to settle this question definitely. 



Fig. 90. Normal vibrations of (a) linear and (b) bent C 3 O 2 (schematic). 


In Fig. 90 the expected normal modes for models I and III are given schematically. '■l-'he three 
^brations V 5 , ve. and V 7 of the linear model are doubly degenerate. A final assignment of the observed 
infrared and Raman bands (Table 79) to the fundamentals of Fig. 90 is not yet possible. In Table 
79, three different assignments are given, two based on the linear model (I) and one baaecl on the 
bent model (III). The assignment of the high-frequency fundamentals is fairly unique: tho fairly 
strong Raman band 2200 cm”i must be the symmetric C~0 stretching vibration vi (in either 
model), since its frequency is very similar to that of P 3 of CO 2 . The strong infrared bund 2290 
cm must be the corresponding antisymmetric C=0 vibration in model I and ro in III (eoinpare 
the similar situation in C 2 H 2 ). Similarly, the strong Raman and infrared bands 842 and IfiTO <-m"‘ 
must be the symmetr ic and antisymmetric 0=C vibrations 1^2 and Vi of model I and V 2 and v-j of 

These two frequencies may be compared to the similar pair of C=C vibrations in HaC— C—CHs 
which are 1071 and 1389 cm“^ 
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The assignment of the bending vibrations is much less certain. On the linear model, the third 
strong Itaman line 586 cm ^ must be interpreted as vs. It is difficult to understand why this non- 
totally symmetric vibration should be so strong in the Haman effect. This difficulty does not appear 


Table 79. raman spectrum or liquid and infrared spectrum of gaseous C 3 O 2 after 
BNQLER AND KOHLRAUSCH (306) AND LORD AND WRIGHT (590). 




Assignments^®^ 

observed 

Band type 

Model I 


(cm“^) 




Model III 


Lord and Wright 

Herzberg 

Herzbei'g 

544 

I. (s.) 

4P7-P7Cn„3i«2 

2P7-P7[n„3l82 


557 

I, (v.s.) 

3>^T(n,^) 

piCttu) 

r9C&2) 

586 

R. (s.) 

y&CTTa) 


Viiai} 

637 

I. (8.) 

P2— P7[II„3 

P6 (-»■«) 

vsiaO 

779 

I. (m.) 

P&+V7('Eu'^) 

P4-P2CS,.+3 

P9-l-P6(JSi) 

843 

R. (s.) 

V'i(.<TaU 

V‘l(<ToU 

P2(ai) 

889 

I. (m.) 

P6+P7— PtCHu] 

V4 +^7 *— r7 

P8 — P 6 CP 2 II 

909 

I. (m.) 

P6(7r,*) 

P4— Pf,[ll,<3 

1024 

I. (w.) 

r2+r7(nti) 

2Pfl+Pe-P2Cri„3? 


1114 

R. (w.) 

P6+P7(Sc+ A„) 

2p7(S„+)) 


1126 

I. (w.) 

3p7+P6(S»+) 

/ P5 + P7(S„'*') > 

\2P2-P7Cn„]J 

P8(?>l) 

1176 

R. w.) 

Aj;) 

2p6(S«+, A„) 

2p4(^i) 

1225 

I. (v.wO 


P6 +Pr,(S-u+) 

va+V4(Ai) 

1387 

L (m.) 

P7+2pr,(nu), P2H-3p7(nu) 

1,2 +^ 7 ( 11 , 4 ) 

"*t*"ro(J52) 

1470 

I. (w.) 


P2+Pfl(n«) 

V‘i+Vi{Ai) 

1570 

L (v.s.) 

Vi(,a-uU 

P4(o-«'*‘) 

P7(5i) 

1670 

L (m.) 

f P2 +P7 +Po(Stt'^) 

\3P7+2pr,(n„) 

3P7(n„) 

3pa(P2) 

1760 

I- (m.) 

>'2+P6(n„) 

2 Pr,-l-P 7 (n„) 

Pji-l-P7(P2) 

1850 

I. (w.) 

/2P2-i-P7(ri„) 

\p3-2p7CS„+] 

2Ps-i-P6(n„) 

1980 

I. (w.) 

pt+2p«(11„) 

3po(n„) 

P2-|-Ph(/^i) 

2190 

L (8.) 

po+2P5(n„) 

f2P2-i-P7(n„)] 

Pl(«l) 


\ P4+Pf)(n„) > 

2200 

R. (m.) 


ri(<r„+) J 

2290 

I. (v.s.) 

vzia-nU 

P3(o'„''') 

poChi) 

2410 

1. (s.) 

fpi-f-P7(n«) 

U2-[-P<.(S„+) 

P2 + P4(2u''') 

P2 "|-P4(j4i) 

3150 

I. (m.) 

fpi+P6(ri„) 

\P2+P3(S„+) 

P2-|-Pa(S„+) 

P2-|-P6(R0 

3380 

1. (w.) 

P4+2po(S,+) 

2P2+P4(i:„''-)? 

PH-t-P3(Bl) 

3790 

I. (m.) 

Pt -|-P4(S, +) 

pH- P4(S„+) 

Pl -|-P4(d l) 

4590 

I. (w.) 

Pl+P3(S„ + )*'>-* 

pi-t-P3(2:„-'-)i»* 

2p()(>li) 


It should be noted that our numlxsiing of the perpendicular vibrations of the linear model is 
different from that used by Engler and Kohlrausch and by Lord and Wright, but is consistent with 
our general practice (see Fig. 90). For difference bands the symbol added in square brackets is not 
the species of the upper state (as for the other bands) but the species of the transition moment. 

On the linear model this may also be the maximum of the P branch of 3v7 and p? respectively 
whose R branch then would be at 557 cm-^ the separation being of the right order of magnitude 
[see Lord and Wright (590)!]. 

This band would fit much better as 2 X 2290 = 2p3. But such a transition would be for- 
bidden according to the linear model. This is another argument against the linear model. 
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OH the basis of model III. For the other two perpendicular vibrations, and vi, of the linear model 
Lord and Wright (590) have given two alternative assignments: v^ ^ 200 =: 550^ and 

^ 190, ^6 = 909, The low value of r? was based on a theoretical estimate of Engler and Kohl- 
rausch (306), For both choices of and P7, Lord and Wright have been able to assign all other 
observed infrared bands. The second of these assignments is given in Table 79. However, in 
both assignments the very strong infrared band at 637 cm"”^ has to be interpreted as whereas 

4- vi (which should be stronger than — v^) is very much weaker (about t^). An assignment 
(based on the linear model) that is not open to such a serious objection is also given in Table 79. 
It assumes that the two very strong long-wave-length bands at 657 and 637 are the two fundamentals 
VI and re respectively. The conclusion of Engler and Kohlrausch (306) on which Lord and Wright’s 
assignment is based, that V7 should be much smaller than v^ and was obtained under the implicit 
assumption that there is no appreciable interaction between the C — C — C and C — C — O angular 
displacements. However, the similar assumption for C2H2 would lead to being smaller than 
whereas actually it is found to be larger [see Childs and Jahn (206) In addition, Engler and Kohl- 
rausch assumed, for want of further information, that the C — C — C bending constant is' the same as 
the C — C — O bending constant, which is certainly an exceedingly rough approximation. There is 
therefore no need to assume that must be as low as 200 cm‘“^. ^ 

The assignments of the deformation vibrations based on the bent model (III) given in Table 79 
must be considered as only tentative. 

Methane, CH4 and CD4. It is usually taken for granted that the four H atoms in CH4 form a 
regular tetrahedron whose center is occupied by the C atom. This assumption is usually based on 
elementary concepts of valence [see, for example, Van Vleck (884) However it is very strikingly 
confirmed by the structure of the infrared and Raman spectra. As we have seen in Chapter I, 
section 3, CH4 does not exhibit a rotational Raman spectrum as does, for example, NH3. This is 
only compatible with the tetrahedral model, since only molecules of cubic symmetry have no rotational 
Raman spectra, and since the tetrahedral model is the only possible model of cubic symmetry 
(see p. 42) . 

This model is further confirmed by the vibration spectrum. Of the three observed Raman bands 
[Dickinson, Dillon, and Rassetti (287), MacWood and Urey (594)], Av == 2914.2, 3022, 3071.5, 
the moat intense one (2914.2) is completely polarized [Bhagavantam (146)], which again can in 
general occur only for a cubic point group.^®^ As discussed previously (see p. 140), a five-atomic 
tetrahedral molecule has only four fundamentals, a totally symmetric (Ai), a doubly degenerate (E), 
and two triply degenerate {F%) vibrations (see Fig. 41). According to Table 55 all four arc Raman 
active but only the two triply degenerate vibrations rs and are infrared active. It is very significant 
that the infrared spectimm, of CH4 shows two (and only two) extremely intense bands [see Cooley 
(229), Dennison (276) (280)] at 1306.2 and 3018.4 cm*"^ and that all the other much weaker infrared 
bands can be interpreted on the basis of these two active fundamentals and two inactive fundamentals. 
If CH4 were plane and symmetrical (point group D^h) or pyramidal (point group C4 y) there would 
be three and four active fundamentals respectively. Furthermore, one of the infrared-active funda- 
mentals (3018.4 cm""^) is also Raman active (3022 which would be quite incompatible with a 

plane symmetrical model (Z>4 a) for which the rule of mutual exclusion holds. The rotational struc- 
ture of the bands supplies further confirmation for the tetrahedral model (see Chapter IV). 

According to the above the identification of the three fundamentals vi, vn, Vi (Fig. 41) is immedi- 
ately Similar reasons also lead to the identification of these three fundamentals in CD4. 

For both molecules the fundamentals are given in Table 80. The fourth frequency V2 caiinot be 
identified with the third weak Raman band (3071.5 cuT'^ for CH4, 2108.1 cm"^ for CD4) : first, because 
this frequency, on account of the form of the vibration involved (Fig. 41), cannot be as high as those 
of the C — ^H(C — D) stretching vibrations vi and v$; and second, because in the infrared spectrum of 
CH4, combination bands of the active fundamentals with an inactive vibration of frequency 1520 cm""^ 

To be sure, polarization measurements are usually not very accurate and even for a non-cubic 
point gx'oup a vibration may have a very low degree of depolarization. Therefore the above argument 
alone would not be sufficient to prove the tetrahedral structure of CH4. 

If the C atom were not at the center of the H4 tetrahedron, that is, if the point group were 
Csv, there would be six active fundamentals. 

Whether the higher or the lower of the infrared-active fundamentals is called 1/3 (or V 4 ) is, 
of course, simply a matter of definition. In agreement with the usual practice we assign the lower 
subscript to the higher frequency. 
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have been observed. Thus one is led to p*> ^ 1520 for CH 4 and it is necessary to consider the 

Raman line 3071.5 cm“’^ as the first overtone of this frequency. The analogous interpretation for 
CD4 gives V 2 ^ 1054 The fact thkt for both CH4 and CD4 the first overtone occurs in 

the Raman spectrum whereas the fundamental (which is Raman active) has not been observed can 
be easily explained as due to Fermi resonance. It is seen that 2v2 is elose to w. Of the two sublevels 


TABIjIS 80. FUNDAMENTAL FREQUENCIES (1—0 TRANSITIONS) OF GASEOUS CH 4 AND CD 4 . 


Assignment 

CH 4 

CD 

4 

J^vucuuia (eni ^) 

References 

''vacuum (cm~l) 

References 


2914.2 (R.) 

(287) (146) (694) 
(610) 

2084.7 (R.) 

(594) 


(1526)“^ 

(276) 

(1054)108 

(594) 


3020.3 (I. R.)“» 

(656) (287) (694) 

2258.2 (I. R.)ii« 

(594) (658) 

Viif'l) 

1306.2 (I.) 

(656) 

995.6 (I.)iii 

(658) 


of the upper state of 2p2 (having species Ai and E; see Table 32) the one of species Ai can resonate 
with the upper state of vu since vi gives the strongest Raman line even a slight interaction will 
cause 2 v 2 to appear much more strongly than it otherwise would. 

The correctness of the assignment of the fundamentals can be further checked by the isotope 
Telatio 7 is. Taking the observed values for vi in Table 80 one obtains vipjvx^ =0,7154 (where 
the superscripts D and H Z'cfer to CD 4 and CH 4 respectively), while according to (II, 327) 
coi^/coi^^ == = 0.7074. Similarly = 0.5699, while according to (II, 328) 

oiP(x> 4 p == 0.5597. Considering the neglect of anharmonicity, the agreement is quite satis- 
factory (compare Table 52). Conversely, by assuming exact agreement for the zero-order frequencies 
and further assuming that if coN = (1 + advN for 0114 , coiT> [1 + for CD 4 , 

Dennison (280) calculated the zero^ordm^ frequencies ooi from the observed fundamentals Vi. Ho 
obtained for CH 4 (in cm~^) 


w, = 3029.8, 

W2 = 1.390-2,“* 

£03 = 3156.9, 

£U4 = 1357.6, 

and for CD 4 (in (^m~i) 




= 2143.2, 

£02 =: 983.4,“* 

OJ3 = 2336.9, 

£04 = 1026.4. 


It must 1)0 realized, however, that tlie He<‘.ond of the above assumptions is only roughly fulfilled Qcom^ 
pare equation (II, 28G)]], so that the values obtained cannot claim a high degree of accuracy. 


A large numlier of overtone and cimibin^itw^^ hands of CH 4 have boon observed in the ordinary and 
photographic infrared. They are given in 'Fable 81. As mentioned in Molecular Spectra I (p. 525). 
some bands occurring in the long-wave-length part of the spectra of the planets Jupiter, Saturn, 
Uranus, and Ncqitune have Ixhhi definitely identified with bands of CH 4 observed with thick absorb- 

This value is not very accurate since it is determined indirectly- The value given here is 
taken from the l>arul P 2 + Pn — 454(> crn’^^. It is approximately the average of the value 1520 
frequently ciuoted in the literature and obtained from P 2 + P 4 = 2823 cm“"^ and the value obtained 
from the Raman band 2ri> — 3071.5 (neglecting anharmonic terms). Dennison (280) has included 
the effect of anharmonicity and ol)tainod a value of 1499.4 cm”"^. 

This is half the frequency of tlio Itarnan shift 2108.1 cm””^ observed by MacWood and Urey 
(594), assuming that it corre^sponds to 2p2 Juid neglecting ariharmonituty. Dennison gives 1036.4 
cm”™^ incltiding anharmonicity. 

Average of infrared and Raman values, 

™ Average of Raman and infrared determination. Dennison (280) gives 2259.4 for the infrared 
value but the vacuum corrected value of Nielsen and Nielsen (658) is 2258.4 cm""^, 

Dennison (280) gives 996,5. But this seems to be a mistake since Nielsen and Nielson (658) 
give 995.86 and the vacuum correction is —0.27, 

From the Raman line 2p2 (see Table 81). 
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ing layers in the laboratory []Wildt (924), Mecke (613), Dunham (294), Adel and Slipher (39)]. 
Since the absorbing layers on Uranus and Neptune are much thicker than can be obtained in the 
laboratory, the spectra of these planets give further CH 4 bands not found in the laboratory, extending 
down to 4400 A. 

The assignment of the higher overtone and combination bands is rather uncertain for several 
reasons: ( 1 ) Because of the anharmonicity, the overtones of the triply degenerate infrared-active 
vibrations split into a number of sub-bands whose separations and relative intensities are difficult to 


Table 81. overtone and combination bands op CH 4 . 


rvacuunx » 





observed^’^^ 

Assignment 

Species of upper states 

References 

(cm“^) 





1720 I. 


^4“ V3 

P2 

(224) (205) 

2600 I. 


2Pi 

(Ai 4"J^) 4 'j^2 

(229) 

2823 I. 


V2+V4, 

(Fi) +F3 

(229) 

3071.5* R. w. 


2v2 

Ai+E 

(287) (886) 

4123 I. 


V2+2v4, 

(Ai 4~A2 4"2 jS7’4“Fi) 

(229) (633) 

4216.3* I. 


V1+V4 

P2 

(674) (656) 

4313.2* I. 


PZ +^4 

iAi+E+Fi)+F3 

(656) 

4546* I. 


V2 +V3 

(Fi) +F2 

(633) 

5585*1. 


vz +2v4 

(Ai 4~2 Fi) 4“3jp2 

(674) (880) 

6775 I. 

f Vl "f" ^4 

(Fi) +F3 

(674) (633) 

5861 I. 

\f>i+V3+Pi 

(Ai 4” A 2 4“^-2^ 4"^i^i) 2 

(633) 

6006* I. 


2v3 

(Ai+E) +P 2 

(633) (674) 

7514* I. 


V2 “|”2v3 

iAi+A2+2E+Fi) +F-i 

(674) 

8421 1. 

J 

2vx 4-2^4 

(Ai+E)+Fi 

(674) 

8604I.,P. I. v.s. 

1 

2vz 4“2v4 

(AAi+Ai+SE +3F0 +5F.2 

(074) (434a) 

8807*I.,P.I.v.s. 


f2vi -f-V3 

P 2 

(674) (434a) 

8900 P. I. a. 


Vl-\-2v3 

(Ai+E)-\-F-2 

(205) 

9047* P. I. s. 


[Sj-s 

(Ai+Fi)+2F2 

(205) 

10114 P. I. s. 
10300* P. I. s. 

[2ri+r2+r3 

[v2+3v3 

(Pi) +F 2 

(A 1 +A 2 + 2 P+P 1 ) 4 -P 2 
iE+3Fi) + 3 F 2 

(886) 

(886) 

11270 P. I. a. 


3vi +>^3 

P 2 


11620 P I m 


2vi 4"2 v3 

(Ai+E) +P 2 

(886) (282) 

JL JL JL « JL • JiJLJk « 

11885 P. I. w. 

Vl 4~3 v3 

(Ai+Pi) + 2 P 2 

(8S6) 



(,2 Ai+2E+Fi)+2 F2 

(886) 

127.5.5 P I V w 

f 3vi +»'4 

(Ai+E+Fi)+F2 

(886) 

JLJU 4 %JtJ \ m W m 

\2vi +V2 +2 v3 

(A 1 4“ A 2 4”2jBJ -{-Fi) -I-F 2 


13790 P. I. m. 

J 

4vi 4-^'3 

F 2 

(886) 

I 

^3»'i +2 v3 

(Ai 4”^^) 4“F2 



predict- ( 2 ) Since vi and 2v2 have approximately the same frequency as ph, the combinations 
nvi 4“ mvs, 2kv2 + mva are close to (n ■+ m)j /3 and (/c + m)v^ respectively. They too are split into 
sub-bands. (3) Perturbations between the sublevels mentioned under ( 2 ) and those under ( 1 ) will 
occur if they have the same species and bring about further deviations from a simple quadratic 
formula of the type (II, 281). (4) The centers of the bands, because of the overlapping discussed 

under (1), ( 2 ), and (3), are often very ill-defined. For these reasons we have not given in Table 81 
the bands observed in the planetary atmosphei^es only. The assignment of these bands given by 
Adel and Slipher (39) is certainly not the only possible one,^^^ and is not compatible with the assign- 

The bands marked with an asterisk have a well-developed central maximum (Q branch) ; for 
all others the wave numbers given are not very accurate. Satisfactory intensity estimates arc possi- 
ble at present only for the photographic infrared bands. 

Their assignment of a number of bands as with n going up to 16 is hardly tenable. 
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ment of the laboratory bands given in Table 81, which is an extension of that of Vedder and Mecke 
( 886 ) and Childs (205). In the third column of Table 81 are given the species of all the sublevels 
of the respective upper states, including those that cannot combine with the ground state, the latter 
in brackets. Thus, for example, the upper state of pz + 2 v 4 consists of seven sublevels, three of 
which (of species can combine with the ground state. The observed band at 5585 cm""^ is thus 
presumably a superposition of three sub-bands. Similar considerations apply to the other bands. 

The assignment given for the higher overtones is only tentative and it would certainly be prema- 
ture to give a formula to represent all bands. 

For CD 4 up to the present time only two combination bands are known, at 2992.0 and 3102.8 
cm""^ [^Nielsen and Nielsen (658)]. They have been interpreted as vi + and vz + respectively. 
However, this would require very large anharmonic terms, much larger than for CH 4 . It appears 
very likely that the first of these bands is a fundamental of CD^H (its frequency agrees exactly with 
Dennison’s (280) predicted value for the C — H stretching frequency of CDsH),^^^ and that the second 
band is vi + V 4 , of CD 4 , which would imply much smaller anharmonic terms. Further work on CD 4 is 
desirable and prdmises to give interesting results. 

CH3I), CH2D2, CHDg. The Raman spectra of the intermediate methanes CH 3 D, CH 2 D 2 , CHD 3 
have been investigated by Mac Wood and Urey (594), the infrared spectra by Ginsburg and Barker 
(362) and by Benedict, Morikawa, Barnes, and Taylor (137). As has been discussed previously 
(see p. 236f.), in going from CH 4 to CH 3 D or from CD 4 to CHD 3 part of the degeneracies are removed. 


Table 82. fundamentals of the vabious deutbbated methanes.^^*^ 


Mole- 

cule 


^' 2 (e) 

vzU-i) 


CH 4 

2914.2 R. 

1526 I.* R.* 

3020.3 I. R. 

1306.2 I. 

CHaD 

2204.6 I. 11 (R.) ' 

1476.7 I. _L (R.*) 

2982.2 I., 3030.2 I. 

1306.4 I. II (R.) 

1166.01. ± (R.*) 

CH 2 D 2 

2139.0 R. 

1450 I. 

1285.6 R. 

2974.2 R., 3020 I., 2255 I. 

1034.4 I. R., 1235.2 I., 

1090.2 I. (R.*) 

CHD, 

2141.1 R. 

1299.2 (I.) R. 

2992.0 I. 11“^ 2268.6 (I.) R. 

982 (I.) R.*, 1046 (I.) R. 

CD 4 

2084.7 R. 

1054 R.* 

2258.2 I. R. 

995.6 I. 


each of the triply degenerate vibrations vz and splitting into a non-degenerate and a doubly 
degenerate vibration. All six resulting vibrations ( 3 Ai -f- ZE) are infrared active and Raman active. 
For Cn 2 D 2 all degeneracies are removed and we have nine dilTerent fundamentals, all but one of 
which are infrared active and all of which are Raman active. 

All the fundamentals of the three compounds have been found, most of them both in the infrared 
and in the Raman spectrum. They are given in Table 82 together with those of CH 4 and CD 4 in 
an arrangement similar to Table 54 (p. 238), so that the correlation of the frequencies is clearly 
shown. In principle the correct correlation can be obtained, according to the correlation rules 
previously given (p. 238), from the band types (whether || or J_, and so on). But actually, since 
the band type has not been established for many of the observed bands, the correlation is based on 

The observed spacing in the fine structure also fits better for CD3H than for CD4. 

115 * refers to fundamentals obtained from observed overtones in the Raman spectrum. If a 

fundamental has been observed both in the Raman and in. the infrared spectrum the value given is 
the more accurate one of the two. Which observation is not used is indicated by x>utting I. or R^ 
in brackets. The average is taken when neither I. nor R. is in brackets. All values are corrected 
to vacuum. 

MacWood and Urey ( 594 ) give a Raman band at 1330.1 The difference from the 

infrared band is difficult to understand. 

115 b MacWood and Urey (594) give a Raman band at 1332,9 cm”^ which may have to replace 
1450 cm^^ in the talilo. 

This is the band ascribed by Nielsen and Nielsen (658) to CD 4 which a])Ovc on this page 
was shown very probably to be due to CD 3 H- Benedict, Morikawa, Barnes, and Taylor (137) give 
a CD 3 H band at 3000 cm""i which within their limit of accuracy agrees with the above figure. 
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calculations by Dennison and Johnston (283) and Dennison (280). They have predicted the fre- 
quencies of the intermediate methanes from those of CH4 and CD4 by computing the most general 
potential constants of CH4 and using these same constants in deriving the frequencies of CHsD, 
CH2D2, CHDs with the help of formulae developed by Rosenthal (747) . However, for a few funda- 
mentals these authors have not taken the correlation rules into account. This has been done through- 
out in Table 82. In place of the potential calculations one could also have used the isotope i-elations 
por example equation (II, 330)3 find the correct correlation. It may be left to the reader to 
check whether they are actually fulfilled. 

Childs and Jahn (207) have observed a photographic infrared band of CH.3D of the || type at 
9020.8 cm“^, which is probably one of the sub-bands of the second overtone of 3030.2 cm~^. 

Carbon tetrachloride, CCI4. The Raman spectrum of liquid CCI4 has been investigated by a 
large number of workers Csee Kohlrausch (13) (14)3, but no one seems to have investigated the 
spectrum of the vapor in any detail. The infrared spectrum has been investigated by only a few 
authors [most recently by Schaefer and Kern (766) and Barchewitz and Parodi (101) 3 and also 
only for the liquid state It seems fairly safe, however, to assume that the difference between 
the spectrum of the vapor and that of the liquid is slight in view of the symmetrical, inert character 
of the molecule. 

Considering the similarity to CH4, it seems natural to assume that CCI4 also has the symmetrical 
tetrahedral structure (point group Td). But at some times this has been doubted by various investi- 
gators of the spectrum. We shall see, however, that more recent investigations definitely support 
the tetrahedral model. 

The Raman spectrum sdelds the eight displacements given in Table 83, some of which occur 
both as Stokes and as anti-Stokes lines (see' Fig. 77). Three of the shifts, 145, 434, and 1539 em“\ 
correspond to exceedingly weak Raman lines. They are in all probability overtone or combination 
bands and are indeed very readily interpreted as such (see Table 83). Moreover, a frequency as 
high as 1539 would not be expected as a fundamental of CCI4, the vibration frequency of diatomic 
CCl being 844 cm~^. Thus there remain four or five observed Raman-active fundamentals, depend- 
ing on whether the two lines 762.0 and 790.5 cm"*’ are considered as a doublet or as two distinct 
frequencies. The first assumption is in agreement with the tetrahedral model since for it just four 
fundamentals, all active in the Raman effect, should occur. Furthermore, as it should bo for the 
tetrahedral model, one of the Raman lines (vrith Av = 460 cm~*) is almost completely polarized, 
whereas the other three are completely depolarized (see p. 270f.). Finally, the infrared spectrum 
seems to show only two fundamentals, the band 305 cm~* and the doublet band 775 cm"*, in agree- 
ment with expectation for the tetrahedral model. While the Raman fundamental 218 cm"* is 
probably outside the range investigated in the infrared, the Raman band 460 cm"* is certainly within 
this range and is definitely absent. In consequence of this observation and in view of the complete 
polarization *** in the Raman effect, this fundamental must be considered as the totally symmetric 
vibration viCai). The two infrared-active fundamentals 775 and 305 cm"* can only be raf/g) and 
Viifz) respectively (see Fig. 41), and thus the fourth Raman-active fundamental at 218 cm"* must 
be V 2 (e). All of the numerous other infrared bands of liquid CCI4 found by Schaefer and Kern can 
be interpreted on the basis of these four fundamentals (see Table 83). The doublet structure of vs 
is explained in this interpretation without difficulty as due to a Fermi resonance [Placzok (700)3 
between vs and vi + Vi. As can be seen from Table 83, the upper state of vi •+- V 4 has nearly the 
same energy as the average of the two doublet components and also has the same species (Fs) as 
the upper state of V3. 

Langseth (547) found a fine structure of the Raman lines vi, vs, and Vi of CCI4, which ho thought 
was due to a deviation from tetrahedral symmetry. But Wu and Sutherland (957) have shown that 
this fine structure can be explained as due to a partly resolved isotope effect produced by the pi-esence 
of- the isotopic modifications 0014^® (31.6 per cent), CGls^^CF (42.2 per cent) and CCl2®®Cl3»7 (21.1 
per cent) .*“ This has been fui'ther confirmed by intensity measurements in the fine structure carried 
out by Menzies (621). 

**® Schaefer and Kern (766) state that for the most intense bands they used also the vapor but 
do not give separate measurements. 

**® If the slight observed depolarization of 5 per cent is real it can easily be explained [see Placzek 
(700)3 due to the effect of the isotopes CCl 3 ®®CP^ and CCl 2 ®®Cl 2 ®*^, for which the polarizabililiy 
change is not exactly spherically symmetric. 

*®'’ The molecules CCP^Cla®^ (4.7 per cent) and CCI4®’' (0.4 per cent) are not abundant enough to 
produce a noticeable contribution. 
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While thus all observations are in agreement' with the symmetrical tetrahedral model it is 
necessary to mquire whether they are not also in agreement with a less symmetrical model. As in 
the case of CH4 (see above) the plane symmetrical structure (point group is immediately ruled 
out by the fact that one of the fundamentals (775 cm”!) occurs in the infrared as well as the Raman 
spectrum. Two other conceivable models are a pyramid with the C atom at the vertex (point 


Table S3. 


HAMAISr SPECTRUM AND PART OF THE INFRARED SPECTRUM OP LIQUID CCU* 


Raman shifts^24 

!uum» 

(cm-i) 

145 v.w. 

21*7.9 s. depoL 

314.0 s. depol. 
434 v.w. 

[455.1] 

1 458.4 >v.s. pol. 
[461.5] 

762.0 m. depol. 
790.5 m. depol. 


Infrared^^^ 

bands 


(cm”^) 


1539 v.w, 


635 w. 
768 v.s. 
797 v.s, 
982 m.l 
1006 m./ 
1068 w. 1 
1107 w.J 
1218 m.l 
1253 m. j 
1529 m. I 
1546 s. y 
1575 m. 


Assignment^^^^ 


n— »'4[i5’2] 

>'2(c) 

2v2(jL 1 

CCh^^ClN] 

COlaSSCl*^ Ui(ai) 

J 

2*^4 (A 1 -j- •+•■1^2) 

Viih), vi+Vi,(,Fi) 

Vi+Vi{F^), J'J +J'2+>>4(F2) 

V'i+yVAi -VE -\-F <^ , Pi +2v4(Ai -\-E +Fi) 

vi’Vv-AF.i'), 2pi+vi{F.£) 

2i'3(Ai -\-E 

2pi+2»<4(Ai+£?+/^2) 

*'1 “Hrs +j'4(Ai -\-E -t“2^2) 
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group C4,.) or !i pyramid with an H atom at the vertex and the C atom on the axis (point group C.„ 
for example, when there is only a slight deviation from tetrahedral symmetry, as has at one time been 
assumed). Ihesc models would have the fundamentals 2Ai + 2Ri + B-z 2E and 3Ai + ’iE re- 
spectively (see Table 36), all of which would be Raman active (see Table 55). Apart from the fact 
toat the number of observed reasonably strong Raman lines would bo loss than the number of 
Raman active fundamentals (even if the doublet at 775 is counted as two fundamentals) the im- 
portant point is that only one polarized Raman shift (460 cm-i) occurs, whereas for the above two 
models two or throe should occur and they should also bo the strongest Raman lines. Furthermore 
in the case of the model of symmetry C«,„ if the doublet 775 is counted as two lines the number 
of depo anzod Raman lines is four instead of the three required ones. Thus we can consider also 
the models of symme try C3,, and as ruled out. For still leas symmetrical models, the number of 

Iho fact that both components (762 and 790 om~i) occur in both cases excludes the possibility 
of a chance coincidence. ^ 

m would be no reason to assume any other but the tetrahedral model. 

• Only the part below 1600 cm ^ and only bands with an absorption coefficient /cnuixinmm > 4 

aro given. luiijtiizium “t: 

Z o'"'' depolarization see l^ao (717) and the literature quoted by him. 

Barohewitz and Parodi (101) give in addition the bands at 217?, 529, 370, 247 cm-=^ observed 
in paraffine solution. 

Sublevels of species Fi are omitted, since they combine with the ground state neither in the 
Raman nor in the infrared spectrum. 

Polarization from Rao (718), 
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polarized Raman lines would a fortiori not be correct, so we can consider the symmetrical tetraliedral 
model as proven* 

It should not be overlooked that the following difficulty, which is independent of the CCI4 
model assumed, still remains to be solved: Since the fundamental frequencies of CCI4 nre small, a 
considerable fraction of the molecules is in the states in which one (or even more than one) vibration 
is excited by one or two quanta. This gives rise to comparatively strong anti-Stokes lines, as ob- 
served for CCI4. It should also give rise to certain difference bands in the Raman spectrum, which 
however have not been observed. While the ordinary difference bands such as • • • 

would be expected to be very weak, just as other binary combinations, and therefore are not readily 
observed (only one such band, ri — 1^4 “ 145 cm“^, has been found for CGI4), there are others such 
as j'l 4- ^2 V 2 j 2 v2 ^ 2 , • • ^ whose intensity, apart from the Boltzmann factor, should be of the 

same order of magnitude as that of the fundamentals ri, • respectively. In general, these 

difference bands coincide very nearly with the corresponding fundamentals and are therefore not 
resolved in Raman measurements, but in the case of perturbations (Fermi resonance) some of them 
will be widely separated from the fundamentals. In the present case the transition + ^4 — Pi 
whose upper state is split because of resonance, should consist of the two lines at 790-5 — - 314.0 
== 476-5 cm~^ and 762.0 — 314.0 = 448.0 cm~^, which would be well separated from Pi, According 
to calculations by Horiuti (457), they should have about f of the intensity of the strong line 460 
That they have not been found may be due to the fact that these difference lines are much, broader 
than the main line. But more experimental data, particularly for CCI4 vapor and with long exi>OBure 
times, are required to clear up this point. 

For a discussion of the force field in CGI4 see Tables 39 and 46 and the accompanying discussion. 


Methyl chloride, CH3CI. Since, as has been shown, CH4 is a symmetrical tetrahedral molecule 
one would expect CH3CI to have a threefold axis of symmetry (the C — Cl axis) ; that is one would 
expect it to belong to point group This conclusion is confirmed by the investigation of the 

vibrational spectrum and particularly of the rotational fine structure (see Chapter IV). Xhe sym- 
metrical model (Csv) has six fundamentals, three totally symmetric ones (Ai) and three degenerate 
ones (E), all of which are both infrared and Raman active, whereas any less symmetric model would 
give nine active fundamentals. Actually the infrared as well as the Raman spectrum can be analyzed 
in terms of six fundamentals (see Table 84). Unfortunately, with one exception (see Table 84 ), 
the Raman spectrum has been investigated only for liquid CH3CI [first by Dadieu and Kohlrausch 
(256)3, while the infrared data refer to the gaseous state [first studied by Bennett and Moyex- (138)1. 
Slight inconsistencies are due to this fact. 


The form of the six normal vibrations is represented in Fig. 91. The totally symmetric vibra- 
tions Pi, j/ 2 , vs (species Ai) give rise to 1| bands in the infrared (only Mz ^ 0; see Table 55), the de- 
generate vibrations r4, rs, re give rise to ± bands (Mz =0). Actual observation shows that there 
three 1| and three _L bands by whose combinations all other bands can bo explained. 
In addition it is found, in agreement with theoretical expectation, that the Raman lines corroBi>onding 
to the 11 bands are polarized, those corresponding to the A bands are depolarized. To be sure there 
* bands in the infrared which might be considered as fundamentals, but two of them 
at 2878.8 and 2966.2 cm 1 form a fairly close doublet whose center coincides very nearly with twi(^e 
the wave number of the ± band at 1453.2 cm“^. It can therefore be coneduded that a Fermi reso- 
nance occurs [Adel and Barker (36)] and that the doublet corresponds to one fundamentnl only 
(see below), 

show, in agreement with what has been said about group froQueneies 
m Chapter II section 4f that the two vibrations and 1/4 of frequency about 3000 em-i are essen- 
tiaUy C H stretching vibrations, that the lowest 1 1 vibration 1/3 is essentially a C — Cl vibration, that 

vibralTonq IS ^sentially a H 3 =C Cl bending vibration, and that the two intermediate 

vibrations are essentially CH3 deformation vibrations (see Fig. 91). The observed Cl isotope ollec^t 

? ot-i this assignment, at least for the || bands. The largest isotope aliift, of 

0 \ vibration [Barker and Plyler (111)]. A much smaller shift, of 

She rSoh’u r, f Tu u [Nielsen and Nielsen (659)], and the shift for is smaller than 

the 1 *^113 band (that is, smaller than 0.8 cm"!). The shift for r, agrees well with 

the one calculated by considering CH3CI as a diatomic molecule CH3 — Cl 

mentet^S T^bl^sr^Ari! combination bands of CH3CI are given together with the funda- 
mentals in Table 84. All but two very weak Raman shifts 2683 and 1106 crn'i are readily explained 


^28 How they are distinguished will be explained in the next chapter. 



Table 84. infrared and raman spectra of CHjCL^*® 
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in terms of the above fundamentals. The Raman shift 2683 may be but a reasonable expla^riatioxx 
for the shift 1106 cannot be given. Possibly it might be related to the fact that the Raman spectriiDo; 
refers to liquid rather than gaseous CHgCl and that in the liquid double molecules occur. 

The resonance between 27^5 and vi mentioned above influences, of course, only the sublovel 
of 2vb whereas 2,v^{E) remains uninfluenced. That is why only two strong |1 bands appear tRi^ 
region but no X band of comparable intensity. It should also be noted that the resonance iB not; 
very close as indicated by the unequal intensities of the Raman and infrared bands. 



Fig. 91. Normal vibrations of CH3CI (schematic), — Only side views, and only one 
component of each degenerate vibration are given. 


It is interesting that for some of the overtone and combination bands (for example 2v.i) sit 
two of the sublevels of the upper state give rise to sub-bands as indicated in Table 84. The corniijli— 
cated structure of the photographic infrared bands is probably duo to the overlapping of Boveral Biiclx 
sub^bands as well as to the approximate equality of vi and ^ 4 , and to the isotope effect. 

Further work on CH3CI is necessary before a satisfactory formula to represent all the vibratiouu#! 
levels can be developed. 


CH3F, CHsBr, CH3I, CD3CI, CDaBr. The other methyl halides have not been investigated f 
as fully as CH3CL Naturally their spectra are very similar to that of CliaCl. We can tRereforo 
omit a full discussion and give in Table 85 only the fundamental frequencies according to Kemrebf; 
and Meyer (138) and Barker and Plyer ( 111 ). Data about overtone and combination baiiclB aro 
given by Moorhead (634), Vierling and Mecke (901), Vorleger (898), Naud 6 and Verlegcr <65D> * 
and Thompson (846). For a discussion of the Raman spectra of the liquids see Wagner (906) audl 
the books of Kohlrausch (13) (14) and Hibben ( 10 ). The Raman spectrum of CH 3 Br vapor haa 
been investigated by Nielsen and Ward (670). The fundamentals of ‘‘heavy’' methyl chloride uucl 
bromide (CD 3 CI and CT>^By) recently obtained by Noether (672) are also included in Tul:>lo 8 - 5 * 
The Fermi resonance discussed above for CH^Cl occurs also for the other molecules. Thereforo 
both resonating levels have been given in Table 85. As for CH 3 CI, the high-frequency comi>oixcir h 
of the doublet is from two to four times as strong as the low-frequency component, indicatiii^^ thu-h 
the unperturbed is nearer the larger of the two frequencies. 

It is interesting to study the way in which the frequencies change in going from the lip:httu* to 
the heavier halides. For this purpose Fig. 92 gives a graphical representation of the four rit.- 

It is seen that the frequencies n, ^ 4 , rr, are remarkably constant throughout tlie series of 

It may be noted that 27/3 very nearly equals but no perturbation occurs because the 
have different species. 
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TaBLK 85, FUNDAMENTAL FBEQUBNCIK8 OP THE METHYL HALIDES,^®® APTEB BENNETT 
AND MEYEK (138), BARKER AND PLYLBR (111), AND NOETHER (672). 





J'vacuiim 

(cm 




CHsF 

m 

CHaCP® 

CHaBr" 

CH31 

CD 3 CI 

CDsBr 

»':i(ai) 

1048.2 

732.1 

611 

532.8 

‘695 

677 

P6{e) 

1195.5 

1015.0 

952.0 

880.1 

776 

717 

Vi{ai) 

1475.3 

1354.9 

1305.1 

1251.5 

1029 

987 

vaie) 

1471.1 

1454.6 

1445.3 

1440.3 

1058 

1053 

2>'b(J.i) 

2861.6 

2878.8 

2861 

2861 

2103 

2088 

vi(ai) 

2964.5 ■ 

2966.2 

2972 

2969.8 

2161 

2151 

»'4(c) 

2982.2 ■ 

3041.8 

3055.9 

3060.313® 

2286 

2293 


CH 3 X. This is in agreement with their interpretation as C — H vibrations and also follows directly 
from calculations in which a pure valence force system is assumed [see Wagner (906) ] as well as 
when a somewhat more general force system is assumed [Slawsky and Dennison (796), Linnett 
(682)3- The frequency vz decreases considerably in going from CH 3 F to CH 3 I in agreement with 
the assumption that it is a C — X vibration, and similarly the bending vibration vz decreases although 
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Fig. 92. Observed fundamental vibration spectra of the methyl halides and methane* — The 

broken lines indicate the frequencies 2i^6(-Ai) which are in resonance with ri(ai). The unperturbed 
Pi would be between Pi and 2pi (see text). 

not quite as strongly. These changes are easily understood on the basis of the change in mass alone 
(the change of the C — X force constant acts in the same direction). However, the cause of the 
appreciable change of the symmetrical C — H bending vibration v% is perhaps less easily visualized. 
The reason for this change is that vs, which has the same species, pushes upward. If for a moment 
we consider the CHa group as one atom, then Pz would increase up to about 3000 cm"^ if we were to 
decrease the atomic weight of X to 1 ; that is, the curves and p^ as functions of the mass would 
intersect each other. Actually, such an intersection does not take place because of the mechanical 


The frequencies of the degenerate fundamentals have been corrected as indicated in footnote 
132 on p. 313 including the correction due to All frequencies have been corrected for vacuum. 
The numbering is that of Fig. 91. 

This is the value given by Lagemann and Nielsen (546) (but corrected for vacuum and for 
the effect of f)t Bennett and Meyer’s numbering of the fine structure lines being incorrect in this case. 
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coupling of the motions of the different atoms (the cross terms in the kinetic energy). In actual 
fact the CHs deformation frequency if we could continuously decrease the mass of X, would 
eventually go over into the valence stretching vibration vi = 2914 cm"“^ of methane, whereas the 
C — X stretching frequency vz (together with re) would go over into the deformation frequency r 4 
of methane [*see particularly Wagner (906)]. This is shown in Fig. 92. 

The preceding considerations supply a good example for the previous discussion of the limitations 
of the concept of group frequencies (see p. 199f.). A frequency will remain constant in a series of 
molecules containing the same group (or groups) and can be assigned to that group only as long as 
no other frequency belonging to a normal mode of the same species is in its neighborhood. This condition 
is well fulfilled for n, in all halides (and even in CH 4 ) but for and ra only for the heavy halides. 
For CH3I, vz may well be called the C — I vibration frequency and V 2 the symmetrical CH3 deforma- 
tion frequency, but the corresponding statement for CH3F would have much less significance. 

Chloroform, CHCI 3 * The infrared spectrum of chloroform is only very incompletely known. 
Most of the work has been limited to the investigation of liquid (or dissolved) CHCI 3 with low dis- 
persion particularly in the region of the fundamentals. [[Emschwiller and Lecomte (304) and Barche- 
witz and Parodi (101)3- While a number of overtone and combination bands have been observed 
in the shorter-wave-length region, including the photographic infrared [Ellis (302), Timm and Mecke 
(864), Vierling and Mecke (901), Maione (595), Corin (231), Carrelli and Tulipano (194), Pumpf 
and Mecke (751), Herzberg and McKay (436) 3> we give in Table 86 only the fundamentals. But it 
should be mentioned that the series of overtone bands of the C — H stretching vibration has been 
observed to = 6 far into the visible region [Ellis (302), Rumpf and Mecke (751)3- The series is 
(in the liquid) 

3019, 5900, 8700, 11315; 13860, 16300 

The reason why this series stands out so clearly here in contrast to many other cases is that there is only 
one C — H stretching vibration, which has a much larger frequency than all the other fundamentals. 


Table 86. ptrNDAMENTAn fbequencies of CHCI3 and CDCI3. 


Assignment 

CHCI3 

GDCI3, 

Infrared, 
*^vacuum (cm i) 

Raman 

Raman 

Liquid, 

Wood and 

Rank (954)i37 
Arvacxium (cm i) 

Vapor, 

Nielsen and 
Ward (670) 
^rvacuum (cm l) 

Liquid, 

Wood and 
R,ank (954) 
Ai^viuuiuni (cm~i) 


260^38 

262,0 (v.s. depoL) 

261 

262.0 (v.s.) 


364138 

365.9 (s. pol.) 

363 

366.5 (s.) 


667139 

668.3 (s, poL) 

672 

650.8 (8.) 


760139 

761.2 (s. depol.) 

760 

737.6 (s.) 


1205139 

1215.6 (m. depol.) 

1217 

908.3 (m.) 


3033i‘«> 

3018.9 (s. pol.) 

3030 

2256.0 (s.) “ 


The Raman spectrum of liquid CHCI3 has been investigated by many investigators [for detailed 
references see Kohlrausch (13) (14) and Hibben (10)3 ^^d recently also the spectrum of the vapor by 
Nielsen and Ward (670). There are six strong Raman shifts, as given in Table 86. In addition, 
a very weak line occurs for the liquid with a shift of 1505 cm”"^ very probably corresponding to the 
first overtone of the band 761.2 cm Thus the number of Raman fundamentals is in agreement 
with that expected on the symmetrical (C 3 O model. Furthermore, three of the strong Raman bands 

Independent values of similar accuracy have been obtained by Redlich and Pordes (731a). 

Measured by Barchewitz and Parodi (101) in CHCI3 dissolved in paraffine. 

139 Measured by Emschwiller and Lecomte (304) in liquid CHCI3. 

1^*^ Measured by Ginsburg, according to a footnote in Voge and Rosenthal (903), in CHCI3 vapor. 
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are partly polarized, the other, three completely depolarized Csee (191) and Pig. 82, p. 270], as 
should be the case. Thus, as in the case of the methyl halides, the first three can be assigned to 
vi, Vi, vz, the other three to vi, vs, ^6 in order of decreasing frequency. Further confirmation of this 
assignment is obtained if the fundamental frequencies of CHCI3 are calculated by assuming the same 
force constants as in CH4, CHuCl, and CCI4. This has been done by Voge and Rosenthal (903), 
who found very satisfactory agreement with the observed frequencies. Finally, the Raman spectrum 
of “heavy” chloroform CDCI3 has also been investigated and is included in Table 86. The funda- 
mentals of CDCI3 observed in this way also agree with those predicted from the force constants 
[Voge and Rosenthal (903)]. 

Most of the fundamental frequencies of CHCI3 may be ascribed fairly definitely to certain bonds 
or groups (see Fig. 91 and Table 86). vi is without doubt essentially a C — H stretching vibration. 
Vi is essentially the symmetrical C — Cl stretching vibration (coi'responding to vz of CH3CI) and vs 
the corresponding degenerate frequency, vj and ve are the symmetrical and degenerate CCI3 de- 
formation vibrations and finally vi is the bending vibration of the C — H group against the rest of 
the molecule. In agreement with this interpretation, the isotope shifts for CDCI3 are practically 
zero for vz and vs, are small for va and vs but very large for vi and v-t. 

Methylene chloride, CH2CI2. There can hardly be any doubt, considering the structures of 
CH4, CH3CI, CHCI3, CCI4, that methylene chloride has a tetrahedral structure of point group Ca® 
(similar to CH2D2, see above) . The infrared and Raman data thus far available do not contradict 
this assumption but they are hardly sufficient to prove it definitely. Besides, the assignment of 


Table 87. infrared and baman spectra of liquid CH 2 CI 2 after 
CO BIN AND SUTHERLAND (233) AND WAGNER (908). 


Assignment^'^^ 

Infrared 

vacuum 

(cm^i) 

Raman 

Ai'vacuiim 

(cm-1) 

Assignments"*^ 

Infrared 

J'vacuum 

(cm~^) 

Raman 

Arvacuum 

(cm"**) 

V4«^k«l) 


283 (s. pol.)!^'* 

V2+V4(.4i) 

1548 (w.) 

— 

V3^^*(ai) 

704 (v.s.)i'^ 

700 (v.s. poI.)“^ 

V3 +V7(Ri) 

1613 (w.) 

i — 

vo<^<^k52) 

737 (v.s.)!-*® 

736 (s. depol.?) 

VB +V7(R2) 

2057 (w.) 

— 

V 7 {h{) (rocking) 

899 (m.) 

898 (v.w* depol.?) 

V2+V9(R2) 

2136 (w.) 

— 

Vz +^'4(Ai) 

935 (w.) 

— 

V2+V7(B0 

2314 (m.) 

— 

]t^4+r9(52)? 

1060 (w.) 

1057 (v.w, poI.?)i^« 

vz+vs(Bi) 

2414 (w.) 

— 

torsion) 

1155 (w.) 

1148 (w. depoL) 

2vh(Ai) 

2524 (w.) 

— 

v^+v^{Bi) 

1192 (w.) 

— 

V2+Vh(B2) 

2673 (w.) 


Vz +2^4 (A 1 )? 

1222 (w.) 

— 

2v‘>(Ai) i 

— 

2822 (v.w.) 

v^ih) (rocking) 

1266 (v.B.) 

1255 (v.w.) 


2984 (s.) 

2985 (s. pol.)i®® 


1429 (s.) 

1417 (m. depol.) 


3048 (s.) 

3045 (s. depol.) 

2v^(A}) 

— 

1464 (v.w.) 

4ri, 4ro? 

11309 (v.w.)!®’ 



In addition, some very weak bands below 3049 and some weak bands above 3049 cm~* have 
been found and assigned by Gorin and Sutherland (233). Between 525 and 1450 cm~^ the absorp- 
tion spectrum has also been measured, apparently under lower dispersion, by Lecomte (566) and 
Emschwiller and Lecomte (304). 

For somewhat different assignments see Gorin and Sutherland (233) and Wu (25). 

Outside the region investigated, except in the work of Barchowitz and Parodi (101) on CH 2 CI 2 
in paraffine solution. They give the bands 203, 500, 312, 222 cm~^ in the order of their intensities. 
It appears doubtful whether these bands belong to CH 2 CI 2 . 

In the vapor, according to Nielson and Ward (670), these lines occur at 280, 712, and 2997 cm“^, 
M5 These two bands are due to Lecomte (565). Emschwiller and Lecomte (304) give 714 instead 
of 704. 

This band is not given by Wagner (908) but is given by both Trumpy (875) and Kohlrausch 
and Ypsilanti (534). 

1'*’’ This band was found by Timm and Mecke (864) and Vierling and Mecke (901) in the photo- 
graphic infrared. 
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the fuadameixtals is still somewhat controversial. With one exception all infrared and Raman 
investigations refer to the liquid state. 

As for CH2D2, there are nine fundamentals distributed over the various species as follows (see 
Tables 13 and 35 ) : 

-h A 2 + 2jBi + 2J32- 

They are given qualitatively in Fig. 93 , where it has been assumed that the CH2 plane is the xz 
plane (parallel to the plane of the paper) and the two-fold axis the z axis. According to our experi- 
ence with HoCO and other molecules, we expect three vibrations characteristic of the CH2 group 
(two symmetrical ones, a stretching and a deformation vibration, and one antisymmetrical stretching 



Fig, 93 . Normal vibrations of CH2CI2 (schematic). — -The CH2 plane is parallel, the CCI2 plane 
perpendicular to the plane of the paper (shown in oblique projection). In rs, rg, the H atoms move 
perpendicularly to the plane of the paper. In rs, j'o, the Cl atoms move perpendicularly to the 
CCI2 plane, that is, parallel to the plane of the paper; in all others they move in the CCI2 plane, 

vibration) and three similar vibrations characteristic of the CCI2 group. They are the vibrations 
and ^3(^1), ^9(^2) respectively of Fig. 93 , ^ This loaves the three vibrations 

^5(0^2), »' 7 ( 6 i), and p$(b2) which cannot be localized in a particular group. is the torsion oscilla- 

tion about the axis mentioned previously (p. 240 ); Pr and rg are the rocking vibrations of the CH2 
and CCI2 groups respectively against the rest of the molecule. 

AU nine fundamentals are active in the Raman effect and all but J^r,(a2) are active in the infrared. 
Table 87 gives the observed Raman and infrared bands. Five of the fundamentals are easily identi- 
fied. The three lowest observed frequencies are obviously the three CCI2 vibrations, since wo know 
from the discussion of CCI4, HCCI3, and CH3CI that the C — Cl stretching vibration has a frequency of 
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about 700, and since the CCI 2 deformation frequency must be appreciably lower. This assignment 
also fits with the observed degrees of depolarization, only one of the three vibrations C»' 9 C 62 ) 3 being 
non-totally symmetric. Fui'thermore, it fits calculations assuming a valence force system in a 
triatomic system Cl — CH 2 — Cl Csee Kohlrausch (14)3- The two high-frequency Raman shifts 
and infrared bands 2985 and 3047 cm~^ evidently are the C — H stretching frequencies of the CH 2 
group: one, vi(ai), totally symmetric and therefoi'e polarized, and the other, voCbj), anti-symmetric 
with respect to the CCI 2 plane and therefore depolarized. , 

By comparison with the vibration spectra of H 2 CO and the methyl halides, it would be expected 
that the fairly strong Raman and infrared band of CH 2 CI 2 at 1423 cm~^ would correspond to the 
CH 2 deformation vibration vziai). Against this assignment the objection may be raised that in the 
Raman effect this frequency is completely depolarized, whereas ^ 2 ( 01 ) should be partly polarized. 
However, a very similar frequency has been observed in many other methylene compounds in which 
it is polarized^[see Wagner (908)3. and as has been pointed out earlier, polarized Raman lines may 
in exceptional cases have degrees of depolarization up to f. 

The assignment of the three remaining frequencies. *' 6 ( 02 ) (torsional oscillation), V 7 (hi) (rocking 
of CH 2 in its plane), (rocking of CH 2 perpendicular to its plane) is much less certain. In 

Table 87 for Ps and va the assignment by Wagner (908) has been adopted; Wagner has carried out a 
detailed calculation on the basis of a somewhat generalized valence force system and has also com- 
pared CH 2 CI 2 with a number of other methylene compounds. The fact that va(aii) seems to occur 
(though weakly) in the infrared, contrary to the selection rules, must be explained as due to the 
influence of the neighboring molecules. It should not, occur in the infrared spectrum of the vapor 
For V 7 (bi) Wagner has left the assignment open, suggesting that p7 is overlapped by vo- In Table 87, 
following Corin and Sutherland (233), the frequency 898 cm~^ has been chosen, for V 7 (bi) since this 
is a fairly strong infrared band that cannot be explained as a combination or overtone band. 



2000 


LJ^V(cnf,-i) 


Fig. 94. Correlation of the fundamental vibrations of CH4, CH:iCl, CH 2 CI 2 , CHCI3, and CCI4. 

— The broken correlation lines correspond to vibrations that are antisymmetric with respect to the 
(only) plane of symmetry that is preserved in going from CH3CI or from CHClj to CH2C12. 


The other |)bserved infrared and Raman bands are easily assigned as overtone and combination 
bands, as indicated in Table 87. 

In Fig. 94 the fundamental vibration spectra of CH^, CH 3 CI, CH 2 CI 2 , CHCI 3 , CCI 4 are repre- 
sented graphically on the basis of the data of Tables 80, 83, 84, 86 , 87. Frequently in the literature 
attempts have been made to correlate the frequencies in these and similar molecules, but quite often 
such correlations have been made without regard for the non-crossing rule of vibi’ations of the same 
species (see p. 200 ). It must be realized that the correlation between CH 4 and CH 2 CI 2 is different 

MS (962) assigns pa^aid to 898 cm'^ which seems much less likely since it occurs with medium 
intensity in the infrared. 
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depending on whether one imagines two of the H atoms of CH 4 to be simultaneously transformed 
into Cl atoms or whether one imagines first one H atom transformed into Cl (giving CH 3 CI) and. then 
the other. In the first correlation there are throughout the transition two planes of symmetry, in 
the second only one. In the first case, therefore, intersections of vibrations of different species of 
Cai) may take place, whereas in the second case only vibrations of different species of the common 
point group Cs may intersect. This second case is the one represented in Fig. 94. In order to 
carry out this correlation one has to realize that the e vibrations of CH 3 CI split into one symmetric 
(a') and one antisymmetric (o") vibration of C® (indicated by solid and broken correlation lines 
respectively), while ai vibrations go over into a' vibrations. On the other hand, since it is the CCI 2 
plane that remains a plane of symmetry, the oi and 62 vibrations of CH 2 CI 2 go over into a' vibrations 
of Ca while 02 and bi go over into a". With this and the non-crossing rule, the correlation in the 
upper part of Fig. 94 is given. The correlation of CCI 4 — CHCI 3 — CH 2 CI 2 (lower part of Fig. 94) 
is similar, except that the plane in common is now the CH 2 plane; therefore oti and 61 go over into 
a', and 02 and 62 into a”. Fig. 94 shows that in this correlation none of the vibrations of CH 4 goes 
over completely into the corresponding vibration of CCI 4 . Kohlrausch and Wagner (531) , as well as 
Wu (962), have given a correlation similar to Fig. 94 including as further intermediate steps CH 3 D, 
CH 3 F, CH 2 FCI, CHFCI 2 , CDCI 3 , CFCI 3 . However, their assignments for CH 2 CI 2 are slightly different 
from that assumed here. 

CHCbBr and CHClBr2. A number of halogen derivatives of methane with two different halogens 
as well as hydrogen have been investigated in recent years, particularly by Glockler and his collabora- 
tors. As examples we choose bromodichloromethane and chlorodibromomethane. One would ex- 
pect these molecules to have one plane of symmetry only (the CHBr and CHCl planes respectively), 
that is to belong to point group C*. On this assumption each would be expected (see Table 36) to 
have six normal vibrations that are symmetric with respect to the plane of symmetry (species A') 
and three that are antisymmetric to it (species A'O* All fundamentals are active both in the Raman 


Table 88. gomparison op the fundamentals of CHCI3, CHCl2Br, CHClBr2, 
AND CHBrs AS obtained from the RAMAN SPECTRA OF THE LIQUIDS. 


Assignment 

CHCI 3 W® 

CHCLBr 

CHClBra^® 

CHBrsi” 

Vfiie) 

262.0 (v.s.) 

(214.6 (s.) 
\ 22 O .4 (v.s.) 

168.3 (s.) 1 

201.1 (s.) J 

153.8 (8.) 

V'AO-l) 

365.9 (s.) 

329.6 (s.) 

279.4 (v.s.) 

222.3 (v.a.) 

r 2 (ai) 

668.3 (s.) 

601.7 (s.) 

568.9 (s.) 

538.0 (s.) 

Vi(e) 

761.2 (s.) 

(718.8 (m.) 
1760.0 (m.) 

658.7 (m.) 1 
749.5 (m.) / 

656 (s.) 

Vi(e) 

1216.6 (m.) 

(1170.8 (m.) 
11214.3 (w.) 

1145.5 (w.)t 
1193.8 (w.) j 

1142 (zn.) 

ri(ai) 

3018.9 (s.) 

3020.5 (m.) 

3022.6 (s.) 

3023 (s.) 


effect and in the infrared. The Raman spectra of liquid CHCl 2 Br and CHClBr 2 have been investi- 
gated by Kohlrausch and Koppl (522) and Glockler and Leader ( 374 ) (376), and the infrared spec- 
trum of liquid CHClBr 2 by Emschwiller and Lecomte (.304). For each molecule nine Raman shifts, 
which are presumably all fundamentals, have been found, and for CHClBr 2 four infrared bands which 
coincide within the rather large uncertainty of the measurements with four of the Raman shifts. 
Since no polarization data are available and the infrared data have been obtained with low dispersion, 
it is not possible to decide definitely which of the frequencies correspond to the antisymmetric 
vibrations. * 

However, a comparison of the spectra of CHCLBr and CHClBr 2 with those of CHCI3 and 
CHBrs is very helpful in finding out to what modes the observed frequencies of the former corre- 
spond, since to a certain very rough approximation CHCUBr and CHClBr 2 may be considered as 
isotopic molecules of CHCI 3 in which one or two Cl atoms are replaced by Br, or of CHBrs in which 

From Table 86 . 

These data are from Glockler and Leader (376). 

These data are from Redlich and Stricks (732). 
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two or one Br atoms are replaced by Cl atoms [see Wu (26) This comparison is given in Table 88. 
Here it should be noted that every degenerate vibration of CHCb or CHBra splits into two different 
frequencies in CHCl 2 Br and CHClBr^, which one would expect to be intermediate in frequency be- 
tween those of CHCI 3 and CHBrg. This is seen to be the case from Table 88. One component of 
each such doublet is an antisymmetric vibration, but as mentioned above it is impossible at present 
to decide which one. The analogues of the totally symmetric vibrations of CHCI 3 and CHBra 
also have, of course, intermediate frequencies. 

It is seen from this comparison that while the three highest frequencies of CHCbBr and CHClBrj 
may definitely be identified as C — H stretching and bending (rocking) vibrations it is not possible 
to ascribe any one of the others to a definite carbon-halogen band. One can say only that the three 
lowest are bending frequencies and that the three intermediate are stretching frequencies of the 
CClaBr and CClBra groups. 

Formic acid, HCOOH and HCOOD. The investigation of the infrared and Raman spectra of 
formic acid is complicated by the fact that at room temperature the vapor consists mainly of double 
molecules and only a small fraction of single molecules.^^^ In order to ascertain which bands belong 
to the single molecules (and also to avoid too much overlapping by the bands of the double molecules), 
it is necessary to investigate the spectrum at an elevated temperature as well as at room temperature. 
This has been done for the infrared absorption by Bonner and Hofstadter (167) (455), both for light 
and heavy formic acid, and for the Raman spectrum of the former by Bonner and Kirby-Smith (168). 
The Raman spectrum of the liquid, investigated by many authors [see Kohlrausch (14) ] is probably 
mostly due to the dimer. Table 89 gives the observed spectra. 


Table 89. infraked and Raman spectra of monomeric HCOOH and HCOOD vapor 
AFTB3R BONNER AND HOIWADTER (167) (455) AND BONNER AND KIRBY-SMITH (168). 



HCOOH 

HCOOD 

Assignment 

Infrared 

Raman 

Infrared 



Arvacuum (cm ^) 

^'vacuuni (cm ^) 

»'(0 — H torsion)? 

658 (m.) 

232 

6671® 



919 

953 (w.) 

980 (v.B.) 

0 

1 

o 

1093 (v.8.) 

1206163a 

1340 

flOSO (s.) 

11163 (v.8.) 

KC=0) 

1740 (v.s.) 


1764 (v.s.) 

21051 ® (w.) 


2325 (m.) 


23461® (.ly.) 

v(CH) 

2940 (a.) 

2945 

3002 (m.) 

j-COH) [»/(OD) ] 

3570 (rn.) 

3506 

2(566 (s.) 

3KOH) 

10202.81® (w,) 



4KOH) 

132851® (v.w.) 




For detailed data about the associiition equilibrium, see Ck)olidge (230). 

This band does not occair in Hofstadter’s (455) main table but only in his Table 2. 

This band is due to Herman and Williams (430), who also give slightly different wave numbers 
for some of the other bands 

Possibly due to the dimer. 

This photographic infrared band was first observed by Herzberg and Verleger (445) and later 
studied in more detail by Bauer and Badger (128), 

Observed by Thompson (848). 
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Table 90. ftjhther five-atomic molecules,^ 




References 

Molecule 

Structure 

Raman spectrum 

Infrared spectrum 

SiH4 

Td (tetrahedral) 

(815) 

(807) (817) (865) (866) 

GeH4 

Td (tetrahedral) 


(808) (570) (818) 

CF4, SiFi 

Td (tetrahedral) 

(971) 

(93) 

SiCU, TiCh, GeCU, SnCh 

Td (tetrahedral) 

(416) (873) (14) (191) 

(763) 

CBr4 

Td (tetrahedral) 

(547) 

(101) 

SiBr4, GeBr4, SnBr4 

Td (tetrahedral) 

(874) (832) (14) 


SO4 , Se04 

Td (tetrahedral) 

(14) 


Si04- — ~ 

Td (tetrahedral) 


(604) 

GIO4-, IO4- 

Td (tetrahedral) 

(325) (58) (541) (727a) 


Gr04 — , M0O4 — , WoOi— 

Td (tetrahedral) 

(671) (264) (356) (262) 




(842) 


BO4 y ASO4 

Td (tetrahedral) 

(792) (321a) (626) 


GdBr4 — 

Td ? 

(275) 


NH4+ 

Td (tetrahedral?) 

(622) (456) (47) (234) 

(705) (99) (335) 



(335) 


HCFs, HCBra, DCBrg.l 
HGI3 / 

Csv (tetrahedral) 

(13) (14) (786) (369) 

(732) 

(595) (304) (901) (864) 
(101) 

HSiGla, HSiBrs 

Czv (tetrahedral). 

(175) (425) (273) (274) 


HGeGh, HGeBra 

Czv (tetrahedral) 

(904) 


HSnCls, HSnBrs 

Czv (tetrahedral) 

(832) 


GlGBr3,.BrCGl3 

Czv (tetrahedral) 

(955) (569) 


FGCI3, GIGF3 

Czv (tetrahedral) 

(372) (484) 


BrSiGh 

Czv (tetrahedral) 

(426) 


OPGls 

Czv 

(547) (191) 


SPGI3 


(839) 


GH2F2 

C^v (tetrahedral) 

(373) 


GHaBra, GH2I2 

C^v (tetrahedral) 

(876) (880) (534) (64) 

(868) (304) (901) (804) 



(908) (670) 

(101) (97) 

GF2GI2. GF2Br2 

C^v (tetrahedral) 

(175) (374) 


CCl2Br2 

C2v (tetrahedral) 

(569) 


CH2GIF, CH2ClBr,l 
CH2GII, GH2BrI J 

Cs (tetrahedral) 

(367) (64) (908) 

(304) 

CHFGI2, GHGIF2 

Cs (tetrahedral) 

(366) (376) (370) (175) 


CHBrFa, GHFBr2' 

Ca (tetrahedral) 

(365) (376) 


GHBrGlF 

Cl (tetrahedral) 

(376) 


SO2GI2 

C2v ? 

(191) 


H2C— CO 

C2v 

(536) 

(354) 

HNO3, DNO3 

C2V ? 

(41) (57) (199) (198) 

(925) (67) (476a) 



(821) (96) (731) (792a) 


H2N— CN 

Cs ? 

(478b) 



A study of the fine structure of a photographic infrared band seems to show (see Chapter IV) 

O 

that HGOOH is a plane molecule of the form H — C H [[see Bauer and Badger (128)]. Of the 

\ / 

O 

nine fundamentals, according to Table 35, seven are vibrations in the plane of the molocnle and 
two are perpendicular to it. However, the available data are not sufScient to give a complete 
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assignment. The most one can do is to ascribe certain observed frequencies to certain bonds by 
comparison with other molecules and by consideration of the isotope effect.' This is indicated in 
Table 89. 

Ihe infrared spectrum of DCOOH and DCOOD has been investiga'ted by Herman and 
Williams (430). 

Other five-atomic molecules. A large number of further five-atomic molecules have been in- 
vestigated. Most of them have the same structure as one of the examples treated in the foregoing. 
However in almost all cases the data are less complete. Table 90 gives references 'to recent work on 
the Haman and infrared spectra of most of these molecules. The structure of the molecules is also 
indicated although in many cases it is not unambiguously established. The observed fundamental 
frequencies of some of the teti*ahedral molecules are included in the previous Table 39 . 

Certain vibrations of a number of more than five-a'tomic molecules may be considered essentially 
as due to a five-atomic system. For example, in the neopentane molecule C(CH 3)4 we expect to 
find four vibrations that can be attributed to 'the vibrations of the CH 3 groups as a whole against the 
central carbon atom, just as in, say, CCI4 [|see Rank (714), Kohlrausch and Koppl (521), Rank and 
Bordner (715), Wall and Eddy (910), Silver (787) (788), Ballaus and Wagner ( 95 ) ]|. These skeletal 
vibrations have also been discussed for Si(CH 3)4 by Rank and Bordner (715), Wall and Eddy (910), 
and Silver (787) (788); for Si(C 2 H 5)4 by Anderson (50); for Sn(CH 3)4 by Pai (682) and Anderson 
(50); for Pb(CH3)4 by Duncan and Murray (293), Pai (682), and Anderson (50) ; for Pb(C 2 H 6)4 by 
Duncan and Murray (293) and Pai (682); and for CN(CH 3 ) 4 ]+ by Edsall (298) and Silver (788). 
In addition to the skeletal vibrations there are, of course, the “inner” vibrations of the CH3 groups.^®’' 
Apart from the tetrahedral molecules there are many other less symmetrical molecules that may bo 
considered as five-particle systems, such as CH3OH, CH3CN, (CH3)CCl3, CHs-CHa-COH and so on, 
if the OH, CN, CH3, • • • groups are considered as one particle [see Kohlrausch (14)3- 

{d) Six-atomic molecules 

Biacetylene, HC=C C=CH. On the basis of valence considerations one would expect 
diacetylene to be a linear molecule. But a definite spectroscopic proof of this is still lacking, although 
electron diffraction data [Pauling, Springall, and Palmer (687) ] are in favor of this assumption. For 
the linear model there are the following normal vibrations, which are represented in IMg. 95 : 

3S„+(R.), 2S„+(I.), 2n„(B.), 2n„(i.); 

that is, there are five non-degenerate |1 vibrations and four doubly degenerate A vibrations. Sin <!0 
there is a center of symmetry the rule of mutual exclusion should hold. While this is found to be 
the case it may be due to the fact that the infrared spectrum has not been investigated below 600 
cm“i, where three of the Raman lines lie. 

The five Raman lines of liquid C 4 Ha observed by Timm and Mecke (862) (see Table 91) cannot 
bo interpreted as the five Raman-active fundamentals vi, ra, vn, v^, vt, since certainly is the sym- 
metrical CH frequency which must have a frequency of about 3350 cm~i (from analogy to CaHa ; see 
Fig. 95) and which is not observed. One may, however, interpret the five observed Raman 
bands as the fundamentals j' 3 , ro, ro, v? (in order of their frequency),^®® if one assumes that the 
Raman-inactive frequency va occurs in the liquid because of the interaction with other molecules 
(see also C 2 I 2 , p. 302) or that in the liquid state the molecule is not exactly linear as it probably is 
in the gaseous state. At any rate it seems hardly possible to interpret the frequency 411 om~^ as 
anything but a fundamental. 

In the ordinary and photographic infrared of gaseoits C4H2, a number of absorption bands have 
been found by Bartholom 6 (119), Bartholom 6 and Karweil ( 122 ), and Ganswein and Mecke (346). 
By comparison with C 2 H 2 the infrared active || vibrations 1/4 and vr, are easily identified as the bands 
3350 (C— H vibration) and 2023 cm"^ (Cs=C vibration). Assuming that the Raman band 411 cm-^ 
is rg, there are three possibilities for v^: 690 cm~b 708 cm“b and 1235 cm~^ all of which are very in- 
tense infrared bands. In favor of vg = 1235 cm“i is the fact that it is the most intense band. But 
1235 appears altogether too high for a ± vibration of a linear molecule. We therefore choose 

The latter have boon intsluded in the detailed theoretical treatment by Silver (788). 

*®® Pimm and Mecke (862) have interpreted the three Raman lines of lowest frequency as rg, 
(J'3 - J'g), respectively, of which the first two arc forbidden. In addition, it is hard to understand 
on this assignment why vz -f rg is not observed. 
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= 708, considering the maximum 690 as due to vn + J'r — vi which, because of the smallness 
of V 7 and the double degeneracy of the lower state, should have almost the same intensity as rs. 
The interpretation of the other bands on this basis is given in Table 91. The assignments of Timm 
and Mecke (862) are added in square brackets. 



Fig. 96. Normal vibrations of diacetylene (schematic). 

While Pi has not been observed, it is clear that it must have a magnitude very similar to Pi 
(==3350 since even in C 2 H 2 the frequencies of the two C — H vibrations are close together 

(3288 and 3374 cm”^) and since here the two C — H groups interact still less with each other (sec p. 196). 

The frequency of the C — C vibration p^ obtained from the Raman spectrum is vei'y low compared 
to the C — C frequencies of molecules such as (CN) 2 , C 2 H 6 , and others. If, on the basis of a general- 
ized valence force system including interaction terms between nonadjacent atoms, the valence 
stretching-force constants are evaluated from the observed frequencies of the 1| vibrations [see 
Bartholom6 and Karweil (122) and Wu and Shen (964)^®^], it is found that the C — C force constant, 
in consequence of the low value of comes out more than 20 per cent lower than for C 2 Hfi and 45 
per cent lower than for the isosteric C 2 N 2 . On the other hand, according to the electron diffraction 
data mentioned above, the C — C single bond distance for C 4 H 2 is smaller than for C 2 H 6 and about the 
same as for C 2 N 2 , indicating a tighter bond than for C 2 H 6 . Further work on the Raman and infrared 
spectra is required to clear up this difficulty. It does not seem entirely impossible that Pn as well 
as Pi has escaped observation and that the observed Raman frequency 644 cm“^ is not 1 ^ 3 . On the 
other hand, the work of Woo and Chu (961) on the ultraviolet spectrum seems to show that 644 cm“^ 
is a fundamental frequency of the electronic ground state. 

Wu and Shen have also given formulae for the perpendicular vibrations [see Wu (26)]. 
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IaBLS 91. RAMAN SPKCTRA OF LIQUID AND INFRARED SPECTRUM OF GASEOUS HC=C C^CH 

AFTER TIMM AND MECKE (862), BARTHOLOME AND KARWEIL (122), 
and qXnswbin and MECKE (346). 


^^vacuum 

(cm-i) 

Descrip- 
tion of 
band 

Assignment 

>^vaciuiin 

(cm-i) 

Description 
of band 

Assignment 

231 

411 

488 

644 

690 

708 

1235 

1444 

2023 

2183 

2950 

2980 

3030 

R. (v,w.) 
R. (w.) 

R. (m.) 

R. (m.) 

I. (s.) 

I. ( 8 .) 

I. (v.s.) 

I. (m.) 

I. (s.) 

R. (v.s.) 

I. (w.) 

I. (w.) 

I. (m.) 

Vli-Xg) n^g] 
F9('7r«)C»'S — rg] 

rs+FT— J'7(n„) 

!'8(Tr,t) [y^ -l-Fg] 

Ffl +Fs(Su"*') [[f7-1-Fs] 

Fo +FS +F7 (JIu) [ya -l-Fg] 

F2+F8(nM) 

Fr.-|-2F„(S„+) 

F2 +F7 -|-F8(S„'*') 

3120 

3350 

(3350) 

3550 

3920 

6500 

8950? 

11688 

11782 

11809 

11865 

12147 

12199 

12236 

12706 

I. (m.) 

I. ( 8 .) 

not observed 
I. (v.w.) 

I. (m.) 

I. (v.w.) 

I. (v.w.) 
P.I. (w.) ' 

P.I. (v.w.) ^ 
P.I. (v.w.) 
P.I. (v.w.) 
P.I. (v.w.) 1 
P.I. (v.w.) y 
P.I. (v.w.) J 
P.I. (m.) 

v-i d-Fg d-F6(n„) or F4 — F 7 (IItt) 

»'4^^(cr„+) 

F4 -|-F7(n„) 
F3+F4(S„+)? 
Fl-hF4(2„+) 

F1 +F2 -|-F4(S„‘'')? 

F2 -|-3f 4(2«'^) 
Fl-t-2F4-t-F6(S„+) 

3fi - j-V6(S,4‘*') 

2»-i-l-r2-l-F4(S„+) 

F2+3F4-1-F6(n„)? 

FiH-2j/4-l-Fr,H-F6(n„)? 

3Fl-l-r5+J/6(n„)? 

fi-|-3f4(S,+) 


Ethylene, C 2 H 4 and C 2 D<|. Valence considerations suggest the plane symmetrical form (point 
gioiip F/i) for the ethylene molecule. Observation shows that there are no bands that occur in the 
Raman as well as the infrared spectrum of C 2 H 4 gas,!**® proving that the molecule has a center of sym- 
metry (see p. 256). While this does not necessarily imply that C 2 H 4 has the symmetrical plane form, 
any other form with a center of symmetry but the symmetrical plane form seems very unlikely on the 
basis of valence considerations Csee for example Penney (690)]. At any rate the fulfillment of the 
rule of mutual exclusion fairly definitely rules out the model in which the two CH 2 groups are in 
planes at right angles to each other, and the model in which the four H atoms are in a plane parallel 
to but not coinciding with the C — C axis. It does not rule out the model in which the H 4 plane 
intersects the C— C axis at the mid-point (see model II of C 2 H 2 , l^^ig. 86 ) . Although the other Raman 
and infrared data at present available are not sufficient to decide unambiguously against this model 
we shall, in what follows, assume the plane symmetrical model, which has been taken for granted 
by most investigators. 

In Table 92 are given the observed infrared and Raman bands of C2H4 and C2D4. As we have 
seen previously (p. 150, Pig. 44) , C 2 H 4 (C 2 D 4 ) has twelve normal vibrations of the following species 
and activities: 

3 A„(R.), A„(inactive), 2 i?i„(R.), Ri„(I.), R2c(R-). 2B2«(I.), 2 Ra„(L) 

(assuming as pieviously that the z axis is perpendicular to the plane of the molecule and the x axis 
is the C=C axis). The numbering of the vibrations in Table 92 is in agreement with our general 
prafitice (see p. 272) and is defined more particularly by Fig. 44, except that in the table either CH, 
CyC, or CIT2 is added as a superscriiit to the symbol whenever the vibration considered is known to 
be essentially a O H or 0-^C stretching or CII* deformation vibration. 


100 jY,!- liquid C\di 4 a few coincidences have lieen found which can be explained as due to a break- 
down of the selection rules in conseqiumco of intermolecular forces. 

On this model there would be four instead of three totally symmetric fundamentals, that is, 
four instead of three polarized Raman lines corresponding to fundamentals, while only throe are found. 

It appears that hardly any two authors use the same designations for the vibrations of C 2 H 4 . 
Conn and Sutherland (226) give a comparative table of the various notations. Even though the 
notation used here is different from any suggested before, it appears to be necessary to introduce it, 
for the sake of consistency with the designation for the other molecules treated hero. It must also 
be kept in mind that the designation of the species is not unique (see p. 108), since it deiienda on 
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Table 92. infkabkd anb baman bands of C2H4 and C2D4 []aftek levin and meyeb 
(574) AND QALLAWAY and BABKEB (345) (C2H4 and G2D4, infrabed, gas); dickinson, dillon 
AND BASETTl (287) , AND BHAGAVANTAM (148) (C2H4, BAMAN, GAS) ; GLOCKLEB AND RENFREW (378) 
(C2H4, BAMAN, liquid) AND DE HEMPTINNE, JUNGERS AND DEPLOSSE (422) (C2D4, BAMAN, LIQUID) []• 


Assignment 

C2H4 

C 2 D 4 

Infrared (gas) 
^vacuum (cm ^)1®^ 

Raman^^ 
Avvacuuiii (cm ^) 

1 

Infrared (gas) 

^vacuum (cm 

Raman (liquid) 

A ^'y acuu ni (cm ^) 

Viiau) 

(825) i«6 

(580)18^ 



943 (w.) liquid 


780 (w.) 

V7(,biu) 

949.2 (v.s.) Qiss 


720.0 (v.s.) Q‘88 





723.4 (m.) 


Plo(b 2 u) 

995 (m.) 


(712)167.189 


ve(bia) 


(1050)”'> 


(883)17'' 

vz^^Kao) 


1342.4 (v.a.) gaa, 


981 (m.) 



pol. 



vf^Kbzu) 

1443.5 (a.) 11 Q“8 


1077.9 (s.) 11 QI 88 




1602 (v.w.) liquid 



O 

o 


1623.3 (v.s.) gas, 


1515 (v.s.) 



pol. 



2vi(,Ag') 


1656 (w.) gas 



V7+V^{Bzy) 

1889.6 (m.) 11 0^ 


1495.7 (m.) 11 



2047.0 (w.) 11 QI 68 


1595.1 Q 


vsA-viaiBiu) 

2325 




2v^^KAa) 


2880.1 (w.) gas 




2989.5 ( 3 .) 11 Q“8 


2200.2 (m.) 11 Q“8 




2997 (v.w.) liquid 





3019.3 (v.s.) gas, 


2251 (v.s.) 



pol. 



J'9^^(b2u) 

3105.5 (a.) 

3075 (w.) liquid 

2345 (v.s.) 


2^2 


3240.3 (v.w.) gaa 





3272.3 (v.w.) gas 


2304 (w.) 

P1+V7(Biu) 



2969 (a.)i'^2 Q 


vz +2r7 +rio(R 2 ii) 

4206.7 .(w.) 




»'B +J'1o(53«) 



3049.0 Q (w.) 


vz +3i'io(JS2«) 

4323'. 1 (m.) 


3204.3 (w.) 





3345.3 Q (m.) 


va+vi2(B2u) 

4514.3 (m.) 


3387.8 (w.) 


V2 +^'9(J52u) 

4727.7 (v.w.) 


3862.8 (v.w.) 


Vl”]r^V7{Bin) 



4429.5 Q (w.) 


Jt'i +rii(jB3u) 



4478.6 Q (w.) 


rn +»'9(-B3 w) 



4628.6 Q (w.) 



which are called x, ?/, and z axes. Our choice has the advantage that the z axis is the axis of largest 
moment of inertia, the x axis the axis of smallest moment of inertia. This choice of axes agrees with 
that of Kohlrausph. 

Figures in brackets are not directly observed Raman or infrared bands. Photographic infrared 
bands are not included (see text). 

It has been assumed that the data given by Gallaway and Barker (346) were corrected for 
vacuum, although this is not explicitly stated in their paper and although they took over some of 
Meyer and Levin's data without correcting them for vacuum. Q indicates a central maximum 
which is to be expected for species Biu and (see Chapter IV, section 3). 

All Raman lines observed for the gas have also beep observed in the liquid with very slightly 
smaller shifts. ' {Footnotes continued on following page) 
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The three strongest (and polarized) Raman lines 3019,3, 1623.3, and 1342.4 cm"^ can only be 
identified with the three totally symmetric vibrations This is also in agreement 

with the fact that the first is expected to be essentially a — H vibration (x^i the second a C—C 

vibration and the third a symmetrical CH 2 deformation vibration for which the 

frequencies observed are reasonable values. The correctness of this identification is further con- 
firmed by the fact that the three strongest Raman lines of C 2 D 4 also fit this assignment: we have 
large isotope shifts for the vibrations and vz but a small isotope shift for and the isotope 

relation (II, 314) is fulfilled satisfactorily. 

The high-resolution work of Gallaway and Barker (345) has shown that the strong infrared 
bands 2989.5, 1443.5 cm“^ of C 2 H 4 and 2200 . 2 , 1077.9 cm“^ of C 2 II 4 have the dipole moment oscillat- 
ing in the direction of the (>=C axis (|| bands, Mx ^ 0; see Chapter IV, section 2b)- Therefore 
they must be identified with the two vibrations of species Bzu (see Fig. 44), which are essentially 
C — (C — D) stretching and CH 2 (CD 2 ) deformation vibrations and The considerable 

shift between C 2 H 4 and C 2 l >4 is in agreement with isotope relation (III, 319). Similarly Gallaway 
and Barker (345) have shown that for the remaining strong infrared bands 3105.5 and 949.2 cm“^ of 
C 2 H 4 and 2345 and 720.0 cm""^ of C 2 D 4 the dipole moment is oscillating perpendicular to the C=C 
axis, for the higher frequency in the plane, for the lower frequency perpendicular to the plane of the 
molecule. Therefore they must be interpreted as the C — (C — D) stretching vibration »'9^^”^(52w) 
and the whole-molecxxle-bending vibration 3^7(51 w)- The isotope shift of the latter, which is the only 
one of its species, is in agreement with the isotope relation (II, 317). The only remaining infrared- 
active vibration z'io(52u) for C 2 H 4 is very probably to be identified with the J. band at 995 cm“~^, 
which is badly overlapped by the much stronger band 949.2 cm"“^ and therefore not very accurately 
measured. For C 2 D 4 the corresponding band has not been separated from the overlapping band 
720.0 cm“i. 

The remaining four fundamentals and vzih^g) are much less definitely 

identified. One of them, the Raman-active v^y(Jbig), is a C — H vibration (see Fig. 44) and should 
have a frequeiacy of about 3000 cm^^. But, Curiously, in addition to the very strong Raman line 
= 3019.3 cm""^, as many as five weaker Raman lines have been found in this region. Two of 
these (2880.1 and 3240.3 cm“~^) are readily explained as first overtones of 3 ^ 2 ^^ respectively, 

which have probably '^bori'owed’’ some of their intensity (by Fermi resonance) fiom all three 

upper levels having symmetry type Ag. The line 2997 cm""^ is very probably the band of the iso- 
topic molecule Il 2 C^^==C^Tl 2 , just as the weak line 1602 corresponds to P 2 of this molecule [^see 

Gloclder and Renfrew (378) Thus two possibilities remain for • 3075 and 3272.3 The 

latter seems more likely to the writer, since it appears in the gas whereas the former dpes not, and 
since otherwise it would have to be explained as a ternary combination, which is extremely unlikely 
to occur in the Raman spectrum.^^^ The line 3075 cm”^ could then be interpreted [^Glockler and 
Renfrew (378) ] as VQ^^^(h 2 u) occurring weakly in liquid G 2 H 4 because of a breakdown of the selection 
rules. In C 2 D 4 the Raman line 2304 cm*^ would have to be taken as vryCPig). 

The two remaining Raman-active fundamentals vaihig) and which represent whole- 

moiecule-bonding vibrations (Fig. 44) would be expected to have low frequencies. It seems, there- 
fore, plausible to identify the Raman lino 943 cm”'^ of C 2 H 4 as one of these fundamentals, very prob- 
ably vsih-zg), particularly since the corresponding line 780 cm"~^ of C 2 l >4 fulfills the isotope relation 
(II, 318) fairly well. This identification also leads to a very satisfactory interpretation of the 


From the interpretation of the Raman band 1656 (Sec also p. 328). 

This value is obtained from the corresponding one for C 2 H 4 by means of the isotope relations. 
The wave numbers given for these bands z'cfer to the band centers (zero lines, sec Chapter IV) ; 
the wave numbers of the maxima of the Q branches are slightly different. 

Conn and Sutheiiand (226) give a fairly strong maximum at 727 cm”"^ which has not been 
confirmed by Gallaway and Barker (345). The latter authors give a value 740 for this vibration. 
From the interpretation of the infrared bands 2047.0 cm~^ and 1595.1 cm“"^ respectively. 

171 This band is due to Coblontz (224). 

172 This band is given by Conn and Sutherland (226) l>ut not by Gallaway and Barker (345). 

17'* However Conn and Sutherland (226) as well as Bureik, Kyster and Yost (183), and Gallaway 
and Barker (345) prefer the assignment — 3072.3 cm“i. 
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infrared band 1889,6 cm”“^ of C 2 H 4 (and 1495.7 of C 2 D 4 ) as -H j^s, since the upper state of this com- 
bination has species B^u, leading to a 1 1 band in agreement with observation.^^^ 

No Raman lines are left to be assigned to Its value can be obtained from an interpreta- 
tion of the 11 band 2047.0 cm""^ of C 2 H 4 (and similarly 1595.1 of C 2 D 4 ) as This ac- 

counts for the character of the band and gives a frequency (1050 cm"“^ for C 2 H 4 , 883 cm““^ for 
C 2 D 4 ) in agreement with the expectation that it should be of similar magnitude to j'lo- 

The last remaining vibration, the twisting vibration is active neither in the Raman nor 

in the infrared spectrum. Combination bands containing may of course be active, and thus may 
be used for its determination, although it is difficult to be quite sure about the assignment. The 
weak Raman line 1656 cm~^ observed in the gas can hardly be interpreted other than as a binary 
combination containing V 4 . Conn and Sutherland (226) have assumed it to be + V 7 {Big), giving 
j /4 ~ 700. However, vi is a weak Raman line and no strong Raman line of species Big occurs. On 
the other hand, Wu (26) has suggested 1656 == This seems much more probable because the 

species of the upper state of 2 j /4 is and another level of the same species giving rise to a very strong 
Raman line (1623.3) is very close to it, so' that 2va. may be strengthened by Fermi resonance. Thus 
we obtain ^4 825 cm”^. Measurements of the specific heat of C 2 H 4 at various temperatures have 

also led, in a way that will be explained in Chapter V, to a torsional frequency of about 800 rather 
than 700 cm””^ QEucken and Parts (313), Burcik, Eyster, and Yost (183)]].^^® 

Very recently Rasmussen (724) has found in C 2 H 4 a very weak infrared absorption band at 800 
cm“"^ which cannot be a combination band.^^®^ While he interpreted this band as >'io(h 2 u) (for which 
Callaway and Barker found 995 cm"^), it seems very likely that his band represents the torsional 
oscillation which can be made weakly active for the higher rotational levels on account of Coriolis 
interaction with the vibration viodb^u) (see p. 467). 

Some further weak infrared bands and their interpretations as overtone and combination bands, 
mainly after Callaway and Barker (345), are given in Table 92. A number of photographic infrared 
bands have been found by Badger and Binder (72), Bonner (163), Ganswein and Mecke (346) [see 
also Thompson (849) and Wu (25) They are not included in Table 92. 

On the whole, it appears that the fundamentals chosen in Table 92 are reliable, with the possible 
exception of The force constants obtained from them on the basis of a simple valence force 

potential are given in the previous Table 47. On the basis of older assignments Mannoback and 
his co-workers [Delfosse (272), Manneback and Verleysen (598), Manneback (596), Verleysen and 
Manneback (900), Bernard and Manneback (139), do Hemptihne and Manneback (423) [), as well as 
Wu (26), have calculated force constants for the C2H4 molecule. 

The Raman spectra of partly deuterated ethylenes [C 2 H 3 l>, C2H2D2 (three forms), and G2HD3] 
have been investigated by de Hemptinne, Jungers, and Delfosse (422). Their results arc in general in 
agreement with the calculations of Manneback and coworkers, quoted above [see also Wxi (959) ] ; 
however they are not as yet quite complete. 

Tetrachloroethylene, C2CI4. It is to be expected that tetrachloroethylene has the same sym- 
metry (Vh) as ethylene. Raman and infrared spectra support this assumi>tion although they do not 
unambiguously prove it. In Table 93 the observed infrared and Raman bands are given. With 
one exception (782^-784 cm”i), the rule of mutual exclusion is fulfilled. In view of the fairly largo 
number of frequencies and the consequent likelihood of a chance coincidence, and in view of the fact 
that the Raman data refer to the liquid state only, this exception cannot be considered as evidence 
that the molecule does not have a center of symmetry. On the contrary, the lack of any other 
coincidences is fairly strong evidence that a center of symmetry exists. The throe strong polarized 
Raman lines 1571, 447, and 237 must correspond to the throe totally symmetric vibrations 

V2, vz* Unlike C 2 H 4 , here vt (that is, the largest of the thi'ee) is the C=C vibration. The assign- 
ment of the other Raman bands and the infrared bands is much less certain, i>art icnilarly since the 
infrared spectrum of the gas has not been investigated below 600 cm”"^. A tentative assignment is 
given in Table 93. For the Raman lines it is essentially that of Wittek (948). 

If one had clxosen 943 as v^(hig)^ the infi*ared band at 1889.6 cm“"i could not be inter- 

preted as vz + V 7 since the upper state of this combination would have the species Au and thus could 
not be reached in infrared absorption. 

A further confirmation of the higher value, if such wore necessary , could be obtained by measur- 
ing the state of depolarization of the Raman line 1656 cm“h 

Note added in proof; Still moi'e recently this band has also been reported by Thompson and 
Harris (855a). 
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III, 3 

Some force constauts cSbtained from the proposed fundamentals are given in the previous Table 
47 n However, in view of the uncertainties of the assignments, it seems premature to draw far- 
reaching conclusions from them about the electronic structure of C 2 CI 4 , as has been done with older 
assignments by several authors. 


Table 93. iotkared and baman bands of G2CI4 after wtr (958), duchebne 
AND PARODl (292), and wittek (948). 


Assignment 

Infrared 

(gas) 

^vacuum 

(cm'"^) 

Raman 

(liquid)^^^ 

A P vacuum 
(cm~^) 

Assignment 

Infrared 

(gas) 

^vacuum 

(cm"”^) 

Raman 

(liquid)’^'^® 

vacuum 

(cm~^) 



218 (v.w.) 

PO +Pl2(i?2w)? 

755 (m.) 




237 (s.) pol. 

Pii(63'w) 

782 (v.s.) 


(or x'lo?) 

332 (solution) 


Vi+VuCBlg)? 


784 (v.w.) 



347 (m.) depoL 

P2+Pl2(-B3a)? 

802 (s.) 


2 ( 5.3 u) ? 

387 (solution) 



913 (v.s.) 




447 (v.s.) poL 



1000 (v.w.) 



464 (w.) 

^n(Ag) 


1025 (w.) pol. 

n(.h-iu) 


512 (m.) depol. 

Vi + vrt^Big)! 


1441 (w.?) 



574 (w.) 



1571 (s.) pol. 

ria+i'io? 


031 (v.w.) 

Vl+Vi(.A.y), 






2V(2(Ag) 


1819 (w.) 

Vj +VV2(,B-2 u)‘'^ 


72G (v.w.) 

Vl +>'2(Aff) 


1998 (w.) , 


Cis and trans C 2 H 2 CI 2 . As is well known, there are three isomers of dichloroethylene which 
may be written: 


Cl 

H 

Cl 

Cl 

Cl 

H 

\ 

/ 

\ 

/ 

\ 



=C 

c= 

=c 

c=c 

/ 

\ 

/ 

\ 

/ \ 

Cl 

H 

H 

H 

H 

Cl 


unsymmetric 


CIS 


trans 


The spectrum of the first, imsymmetrical one has as yet been investigated only in the infrared from 
525 to 1450 cm“"^ under low dispersion [[Emschwiller and Lecomto (304)]. But numerous investiga- 
tions of the Raman spectrum of cis and trans C 2 H 2 CI 2 have been made, as well as two investigations 
of their infrared spectra. Also the coi’responding doutero compounds, cis and trans C 2 D 2 CI 2 , have 
been investigated [Trumpy (879)]. 


Table 94. number, bpecies and activity of fundamentals of cis and trans O2H2CI2: 

COKBELATION TO POINT GROUP V'a(C2H4 ANr> C2CI4). 


Cis C2H2C1,(C2„) 

Trans C 2 HaCla(C..A) 

N umber 

Spe(nes 

Activity 

Correlation 
to Vk 

Number 

8i)ecies 

Activity 

Correlation 
to Fa 

5 

Ax 

II., I. 

3-4 y H"2i?2'w 

5 

A(/ 

R. 

3.4„+2R,„ 

2 

A ‘2 

R. 

An +Rati 

2 

An 

I. 

-4« +Ri« 

4 

Bx 

R., I. 

2Bxy +2Rs„ 

1 

Bg 

R. 

B‘2g 

1 

B-2 

R., I. 

Bxu 

4 

B„ 

I. 

2R2„-h2R3u 


Tlic iiolarization data ai’c from Hcidenrei(di (420), who used (drcularly i)olari5!ed light- 
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If we assume that the dichloroethylenes have as high a symmetry as possible trans C 2 H 2 CI 2 
would belong to point gx'oup C^h whereas ois C 2 H 2 CI 2 would belong to Csu* The number of funda- 
mentals of each species and their activities are indicated in Table 94 (compare Table 35) • Table 94 
contains also the species of Vh into which the vibrations of these molecules would go over if the 
masses of the two H atoms or the two Cl atoms were gradually changed, transforming the molecules 
into C2CI4 and C 2 II 4 respectively (see Table 53). Tor the spectrum of trans C2H2CI2, since it has 
a center of symmetry, the rule of mutual exclusion (p. 256) should hold, whex*eas for cis C 2 H 2 CI 2 , 
it should not. This is indeed observed as shown by Table 95, which gives the infrared and Raman 


TabLiU 95. IlSTFRAREn AKD RAMAIST SPECTRA OF CIS ANI> TRANS C 2 H 2 CI 2 (bEEOW 4000 Cin""^)» 
AFTER WTJ (958),^'^^ TRUMPy (876), AND PAXJLSEN ( 688 ). 


Cis C 2 H 2 CI 2 

Trans C 2 H 2 CI 2 


Infrared 

Raman 

* 

Infrared 

Raman 

Assignment 

(gas) 

(liquid) 

A . 17S 

Assignment 

(gas) 

(liquid) 

^*'vaouum^^® 

X'vacuum 

Avvaoauin ^ 


J^vacuum 


cm""^ 





Pb(.ai) 


173 (s.) pol. 

*' 5 (^ 17 ) 


349 (s.) pol. 

^ 7 ( 0 , 2 ) 


406 (s.) depoL 

Piiciu) 

620 (m.) 


viiQj-i) 

570 (s.) 

563 (m.) depol. 

»'8(6fl)? 


758 (m.) poL 

Pn(pi) 

694 (s.) 


p?p\bu) 

820 (a.) 



(711)?”® 

711 (s.) pol. 



844 (s.) pol. 

2p'7(Ai)? 


807 (v.w.) 

Vu(?>m) 

917 (s.) 



857 (s.) 


p?^^Kbu) 

1200 (s.) 


*' 6 (^ 2 ) 


876 (w.) depol. 



1270 (s.) pol. 



1179 (s.) pol. 

V2°‘^(«a) 


1576 (s.) pol. 


1303 (s.) 


2»'i2(A(,) 


1G26 (v.w.) pol. 


1591 (s.) 

1587 (s.) pol. 

Ps+Pr,(-^a) 


1692 (w.) poL 



1689 (w.) depol.? 



3071 (s.) pol. 


3086 (s.) 

3077 (v.s.) pol. 

V9^^(6u) 

3089 (sO 


2v2(Ai)? 


3160 (w.) depol. 

‘2p-z(Ae)? 


3142 (w.) depol.? 


spectra of the two molecules. Furthermore, the number of observed Raman lines of trans C 2 H 2 CI 2 
is smaller than that of cis C 2 H 2 CI 2 , as is to be expected from Table 94. More particularly the number 
of depolarized Raman lines for trans C 2 H 2 CI 2 should be much smaller than for cis C 2 H 2 CI 2 there 
being only one such fundamental for the former- Indeed, only one depolarized Raman line is found 
for trans C 2 H 2 CI 2 , whereas five are found for cis C 2 H 2 CI 2 - 

The five totally symmetric vibrations of the two molecules are easily identified as corresponding 
to the strong polarized Raman lines. They are numbered ri, in order of decreasing fre- 

quencies. The only remaining Raman-active fundamental v%(bg) of trans G 2 H 2 CI 2 should be de- 
polarized. Since it is a (low-frequency) bending vibration perpendicular to the plane of the molecule 
(see Fig. 96), it cannot be identified with the only observed depolarized (?) Raman line 3142 
Wu (959) has used 758 for it, apparently assuming that the measured degree of depolarization 0.70 
(given by both Trumpy and Paulsen) is actually f = 0.86. It may just as well be that j/a is not 
observed and that all the Raman lines of trans C 2 H 2 CI 2 other than vi, • - % m are combination and 
overtone bands. It seems probable that of the strong infrared bands of trans C 2 H 2 CI 2 the four 
highest ones are those of species Bu , J'i 2 ), since they are vibrations in the plane of the molecule 

(see Fig. 96) , whereas the two vibrations and I'r of species Au are vibrations perpendicular to the 

The infrared spectrum of the liquid between 525 and 1450 cm“^ has been studied by Lecomte 
(565) and Emach wilier and Lecomte (304) . The agreement with the spectrum of the vapor obtained 
by Wu is not very good. 

The values given are averages of Trumpy’s and Paulsen's figures with slightly higher weight 
given to the latter because of the higher dispersion used. 

No band is given here in Wu's original paper, but one is given in his book (26). 
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Fig. 90. Normal vibrations of (a) cis- and (b) trans-C. 2 H 2 Cl 2 (schematic). — For cis-C 2 H 2 Cl 2 
tho species designations are based on the assumption that the plane of the molecule is the xz plane 
(sec Table 13). 
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plane, which one would expect to have smaller frequencies. One of the latter, PaCau), is probably the 
infrared band 620 cm~i, while the other is likely to be below 500 cm~^, a region not yet investigated. 
A tentative interpretation of the remaining Raman bands as combination and overtone bands is 
indicated in Table 95. It should perhaps be emphasized that it is not impossible that one or two 
of the observed infrared bands are actually overtones or combinations involving low fundamentals 
not yet found. 

While the assignment for trans C 2 H 2 CI 2 is comparatively straightforward and fairly definite, 
this is not so for the non-totally symmetric vibrations of cis C 2 H 2 CI 2 . A plausible but tentative 
assignment is given in Table 95. It is obtained: (a) by assuming that the two weak Raman lines 
1689 and 807 cm”’- are hot fundamentals (the former since no fundamental frequency is expected in 
this region and the latter since it is a very weak Raman line and fits 2p7) ; (b) by correlating the two 
remaining lowest-frequency Raman lines 406 and 876 cm~^ not occurring in the infrared with >' 7 (a 2 ) 
and ye (<* 2 ) (see Table 94) ; and (c) by assuming vnCb^) to be smaller than vg — *'n( 6 i). 

In Fig. 96 the normal vibrations of cis and trans O 2 H 2 CI 2 are represented schematically. It will 
be clear from previous considerations that the exact form of the vibrations cannot be given without 
very cumbersome calculations. However, from the magnitude of some of the observed frequencies 
it is possible to correlate them to certain groups in the molecule. For example, the frequencies near 
3100 cm”’ are obviously C — frequencies and the frequencies near 1580 cm”’ are C=C frequencies, 
both having about the same value as for C 2 H 4 . The C — Cl vibrations are loss definite but, as 
suggested by Wu (959), we may ascribe three frequencies of about 830, 1230, 3089 cm”’ to the CHCl 
group. They split into two frequencies each in C 2 H 2 CI 2 , one symmetric, the other anti-symmetric 
with respect to the center of symmetry (in trans C 2 H 2 CI 2 ) or the plane of symmetry (in cis O 2 H 2 CI 2 ). 
The splitting is slight for trans C 2 H 2 CI 2 , somewhat larger for cis C 2 H 2 CI 2 . The two vibrations near 
830 cm”’ (v 4 and 1/12 in trans, Pi and Pio in cis C 2 H 2 CI 2 ) may be considered essentially as C — Cl 
stretching vibrations (see Fig. 96) , while the two vibrations near 1230 cm”’ (vg and vio in trans, j/j 
and Pa in cis C 2 H 2 CI 2 ) are essentially CHCl deformation vibrations. This interpretation is well con- 
firmed by the Raman spectra of cis and trans C 2 D 2 CI 2 obsei-ved by Trumpy (879) ^ace Wu ( 959 )]. 

On the basis of Table 94 the reader may carry through for himself the correlation of the fre- 
quencies of C2H2CI2 to those of C 2 H 4 and C2CI4. In this correlation it must be observed that vibra- 
tions of the same species (in C2H2CI2) cannot cross. Thus, the lower of the two vibrations of species 

of trans C2H2CI2 and species Aa of cis C2H2CI2 corresponds to the torsion oscillation V 4 (o„) of 
C2H4, since the latter is the lowest C2H4 frequency. A correlation of the vibrations of cis to those 
of trans C2H2CI2 can be made via those of C2H4 or via those of C2CI4, but does not necessarily lead 
to the same results in the two cases. 

A number of higher overtone and combination bands have been found in the near infrared spec- 
tra of the liquids by Yeou (967) and in the photographic infrared spectra of the liquids by Timm 
and Mecke (864) and Vierling and Mecke (901) [see also Wu (26)]. 

CHgCN and CHgNC. From the fact that HCN is linear it would appear very likely that in 
CHgCN the C C — N chetm is linear, that is, that the molecule has a three-fold axis just as OH,gC'l. 
^though for CHsNC such a symmetry is doubtful from valence considerations, the Raman spoctram 
is strongly in favor of it. 

In Table 96 ^re given the Raman spectra of the two substances. Unfortunately im polarization 
data are available. Except for some bands in the photographic infrared spcctnnn of the vapor 
[Badger and Bauer ( 68 ) ], only low-dispersion infrared data of the liquids are available [Coblontz 
(224), Bell (134), Gordy and Williams (392), Barchewitz and Parodi ( 102 ),’«o Badger and Bauer ( 68 )]. 

If CHgCN and CHgNC have a three-fold axis of symmetry they would have, acjcording to Table 
36, four totally symmetric (ui) and four doubly degenerate (c) vibi-ationa, which wo number vj • • rj 
and P 5 ' P8 respectively. All of them would be Raman active. Eight Raman lines have indeed 
been observed for CHgNC (see Table 96). While ton Raman lines have been observed for CHgCN, 
two of them, at 2287 and 2725 cm which are weak, can readily be explained as overtones which 
have borrowed their intensity from neighboring fundamentals. If the C— CshN or C— N==G 
chains were not linear, there would be twelve instead of eight Raman-active fundamentals. The 
agreement of the number of observed Raman-active fundamentals with that oxpoiitod on the sym- 

These authors give a considerable number of bands below 390 cm”’, most of which they also 
find in CH 3 I. It appears very unlikely that these bands arc due to OH;, ON or CH 3 I. No intensity 
estimates and no absorption curves are given. 
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metrical model (Cju) is of course by no means a very strong argument for this model ; but the following 
considerations support it further. 

'W’ould expect for CH3CN and CH3NC a totally symmetric and a degenerate 
t.— M stretching vibration and a similar pair of CH3 deformation vibrations. These are indeed 



observed (Table with nearly the same frequencies as for CH3CI (see Table 84). For CHsCN 

one would further expect a CssN vibration similar to that of HCN, for which it is at 2089 cm"!, 
and a C— C vibration similar to that of C2H6, for which it is at 993 cm-b These are indeed observed 
for OH3CN at 2249 and 918 cin~i.“^ The two remaining frequencies 1124 and 3S0 dln“i are ap- 
parently those of the two remaining degenerate vibrations vi and vs, which correspond essentially 
to the^wo bending vibrations of the linear system (H*)— C— C=N). The first of these is mainly 
an H;t^C C bending vibration, or in other words a CH3 rocking vibration (analogous to the bending 
vibration yg = 1016 cm“i of CH3CI) ; the second is mainly a C — C=N bending vibration (analogous 
to the bending vibrations yg = 22G, y^ = 506 cm-i of C2N2).^®® 

If CHsCN and CH3NC did not have a three-fold axis there should be two adjacent Raman lines 
in place of every one of the lines yg, yg, yr, yg. The fact that this is not observed might be compatible 
with a non-linear model in the case of yg and yg, which are CH3 vibrations and for which the splitting 
would bo expected to be slight. But the fact that no such splitting occurs for the whole-molecule 
vibrations vt and is strongly in favor of the symmetrical model. 


b. refers to broad Raman lines. 

These bands have also been observed in the infrared. 

In place of this an infrared band has been found at 1040 cm~i. 

In their Table 1 Reitss and Skrabal (738) give the value 1445 cm-i for this band. 

In place of these two bands Gordy and Williams (392) have found in the infrared two strong 
bands at 2283 and 3077 cm~b The shift in wave length in both cases is about the same and it 
appears very likely that the infrared and Raman bands are really identical, particularly since Bell 
(134) gives 2980 cm ^ for one of the infrared bands. Linnett (582) makes this assumption only for 
the band 2249-2288. 

Linnett (582) considered the strong Raman line 2999 cm"* as a combination band which has 
borrowed intensity from the fundamental 2942, and he took the infrared band 3077 cm~^ as rr,CH(e) 
(see footnote 185). However, there is no binary combination in this region and it would be difficult 
to understand a ternary combination having such a groat intensity. Also the Raman line 2999 
cm~i is distinctly broad, indicating a degenerate upper state (see Chapter IV) , which is not com- 
patible with Linnett s explanation. We assume therefore that the frequency found for yg in the 
low-dispersion infrared work is too high, just as that found for yj. 

It is of course also possible that 1 124 cm-=i is the G— C vibration. A decision would be possible 
from polarization measurements. 

““ It is significant that the frequency yg of CH3GN is just about half-way between Vi and yg 
of C2N2, the difference between V4 and yg in C2N2 being due to resonance. 
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Crawford and Brinkley (240) have predicted the fundameid,al8 of 
taken from other molecules. Their predicted values agree within 2.5^per cent with the fund i^mentala 

of Table 96, except for the very weak and doubtful Raman line 11-4 cm . . . 

It is particularly noteworthy that the C^N frequency undergoes only a slight change ^ going 
from CHaCN to CH3NC, indicating that the CN groups in the two molecules are very similar to 
each other. This fact, which cannot be understood on the basis of e einentary vaWe theory, 
shows that the free valency of the CN radical is essentially not localized at one atom (C) bixt is a 
property of the radical as a whole. It can occur at either end without changing the character of 

the CN group. 


Methyl alcohol CH 3 OH and CH 3 OD. The fact that the H 2 O molecule is bent suggests strongly 
that the C—O—H chain in CH 3 OH is bent as weU. This conclusion is confirmed by the spactrum 
of the molecule, although more definitely by the rotational fine structure (see Chapter IV) than by 
the vibrational structure. One would expect the H atom of OH to be located in one of the planes 
of symmetry of the CH3 group, so that the molecule would have just one plane of symmetry, the 
C— o_H plane (point group C,). According to Table 35 there should be eight vibrations symmetric 
with respect to this plane (o') and four antisymmetric {a ") . Four of the symmetric vibrations should 
be close to the four antisymmetric vibrations, since if C—O—H were linear they would coincide and 
form four doubly degenerate vibrations. The splitting would be expected to be slight if detectable 
at all for the internal vibrations of the CH 3 group, but it should be large for the deformation vibra- 
tions of the (Hs)— C—O—H chain. This is in fact observed, as shown by Table 97. In order to 
bring out the relations to the symmetrical model we use the designation of the vibiations api>i opriate 
to the latter model (see CH 3 CN), distinguishing the two components into which a doubly degenerate 
vibration of the symmetrical form splits by ' and '' if they are resolved.^ 

Four strong Raman lines are observed in the region of the C ^H vibration (2900 cm » Two 
of them are easily explained as a combination and an overtone respectively made strong by Fermi 
resonance with the two fundamentals ^ 2 ^® and [see Wu (26) ], although it is not impoasible 

that one is the second component of vs. The two infrai’ed bands at 1^^^ and 1477 cm ^ aro not well 
resolved, but are readily explained as corresponding to and va ® of GH 3 GN. Iliero is also 

an indication of the expected doubUng for »' 6 °“»(e). The strong Raman lino and strong ! | infrared 
band at 1034 cm“i obviously is the C — O vibration corresponding to of CHsCN. Tho vibration 

V 7 corresponding to a swinging of the whole H 3 group perpendicular to the C O axis (for wliicsh a 
larger splitting is to be expected) may be assigned to any two of tho three Raman lines 10f5(>, 1112, 
and 1171 cm^k 

There remains the bending vibration of the OH group against C — O. Clearly here tho Hi>litting 
should be largest: The bending in the C — O — H plane should give a frequency of tho same order as 
the bending vibration in H 2 O (of course modified by tho different distribution of masses) . It may 
be identified either with the polarized Raman line 1056 cm“i or tho infrared band 1340 cm""’-. The 
latter alternative, suggested by Noether (673), is perhaps slightly more prol>ablo on account of the 
existence of a corresponding band in CH 3 OD with approximately tho correct isotope shift. The 
structure of this band is apparently of the hybrid type (see Chapter IV, section 2 b), as it should 
be since the dipole moment changes neither exactly 1| nor exactly X to tho axis. The bonding vibra- 
tion perpendicular to the C — O — ^H plane, which may also bo considered as a toivsion oscillation of 
OH about the C — O axis, would be expected to have a much smaller froqtiency. Acic.ording to K<iehler 
and Dennison (517) it corresponds to the strong region of absorption at 270 (sm™’ found by Lawson 
and Randall (560). The potential energy as a function of tho angle of the C — O — H plane with 
a fixed plane of symmetry of the CHs group would be expected to have three identical miLxima and 
minima, and if the maxima are not very high, as seems probable, oven for comparatively small 
energies this torsional oscillation will go over into a rotation. This soema to bo in<licatod l>y the 
wide absorption region 380-860 cm“’, as suggested by Borden and Barker (see also p. 494 and f ). 498). 

The O — H stretching vibration corresponds obviously to the infrared band 3082 (un™’, whic:!! has a 
frequency very similar to that of the symmetrical OH stretching vil)ration vi of H 2 O. Tbo very 
considerable difference between the frequency measured in tho Raman spectrum and that measured 
in the infrared spectrum is due to the fact that the Raman frequency refers to tho liquid. Tho infra- 
red spectrum of the liquid shows the OH band at 3400 cm~’, j ust as doo.s tho Raman 8 i:)e(jtrum [[Errera 
and Mollet (307), Buswell, Deitz, and Rodebush (186), and others]. The groat difference l>etwcen 
the liquid and gaseous OH frequency is due to association of CH 3 OH molecules in conseQxrcnf'e of 


’s® The agreement is better than with Linnett’s choice of fundamentals (see footnote ISB). 
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hydrogen bonding (see the references just quoted and Chapter V, section 2). Since the hydrogen 
bonding is due to the OH groups, the frequencies not involving the OH group are affected by 
the transition from vapor to liquid by not more than the usual amount. 

The second overtone of the OH vibration Sri®®- has been observed by Herzberg and Verleger 
(445) in the photographic infrared at 10530 cm-b The third overtone of the OH and the second 


T.ABIiE 97. RAMAN AND INFRARED SPECTRA OP CHgOH AND CHgOD BELOW 4000 Cm“^, AFTER 
HALFORD, ANDERSON, AND KISSIN (407), BORDEN AND BARKER (169), BARKER. 

AND BOSSCHIETBR (109), AND NOETHER (673). 



CHjOH 

CHgOD 

Assignment 


Infrared 

Raman 

, Infrared 


Ai^vucuiim 

l^vacauin 

^vacuum 

^‘'vacuum 


(liquid) 

(gas) 

(liquid) 

(gas) 



cm“^ 



j/8"((j)OH twisting 

2//S, ’ • * 


270 (s.)i‘»2 
380-860 (m.) 



1029 (s.) 

1033.9 (v.s.) 11 

1033 (s.) 

1040.3 (v.s.) 

i^ 7 '(e)CH 3 rocking 

1056 (m.) pol. 


942 (m.) 


1112 (m.) 


1071 (m.) 



1153 (w.) 


1154 (w.) 


>' 7 "(e)CH 3 rocking 

1171 (m.) 


1179 (m.) 




1209 (v.w.)i«3 


1207 (w.) 



1260 (v.w.)io3 

1226 (w-) 

1232 (v.w.)i“ 

*'s'(' 3)OH bending 

1370? pol. 

1340 (m.) (J_) 


863 (s.) 



(1430)? (w.)i»« 


1427 (m.) 

vs" CH, (,.)'> 

1458 (s.) dopol. 

f 1455 (m.) 

\1477 (m.) 

1465 (s.) 

1459\, , 

1480 


2588 (w.) 

2053 (w.) 11 

2591 (w.) 

2064.8 (m.) H 


2837 (v.s.) pol. 

2844 (s.) 1 1 

2836 (v.s.) 

2849 (s.) 11 

I'll +Vfi" (or rr,"?) 

2914 (s.) 

overlapped 

2914 (8.) 


2r6"(A') 

2942 (v.s.) pol. 

overlapped 

2947 (v.s.) 


j/r,^^^(c) 

2987 (s.) 

2977 (s.) ± 

2988 (s.) 

2964 (8.) ± 

^jOII(„,) 

3400 (s.) 

3682 (m.) 

2494 (s.) 

2719.7 (s.) 


overtone of the CH vibration have been found in the photographic infrared at 13700 and 8230 em~^ 
respectively by Badger and Bauer (66), who have also reinvestigated and found several other 

weaker bands. 

The spectrum of CHgOD also given in Table 97 confirms to some extent the above conclusions 
and assignments. Only the frequencies associated with the OH group are appreciably altered. The 
Raman and infrared spectra of CHaDOD have been investigated by Halford, Anderson, and Kissin 
(407) and Barker and Bosschieter (109), the infrared spectrum of CDgOH and the infrared and 
Raman spectra of CDgOD by Noether (673). 

Other six-atomic molecules. In Table 98 are given references for the infrared and Raman 
spectra of further six-atomic moleeulos that have been investigated, as well as the structures, if any, 
that have been suggested. Again one may deal with the skeletal vibrations of molecules such as 
Ca(CH ;!)4 by considering them as six-particle systems of the ethylene type. 

The polarization data ai-o from Trumpy (S77). 

Nielsen and Ward (670) give for the vapor the thi-ee shifts 1032, 2845, and 2956 cm“^. 

Obtained by Lawson and Randall (560) . 

These “bands,” given only by Noether (673), arc only very slight humps on his transmission 

curves. 
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Table 98. further six-atomic molecules.®^ 


Molecule 

Structure 

References 

Raman spectrum 

Infrared spectrum 

C 2 Br 4 

Vh (plane) 

(709) 


Cis, trans C 2 H 2 Br 2 

Civ, Cih (plane) 

(258) 

(304) 

Cis, trans C 2 H 2 I 2 

Civ, Cih (plane) 

(415) 

(304) 

GCI2CF2 

Civ (plane) 

(304) (958) (864) (901) 

C2H3CI, CzHsBr, C2H3I 

C, (plane) 

(530) 

C2HCI3 

Ca (plane) 

(13) (408) 

(958) (864) (901) 

C 2 H 2 O 2 (glyoxal) 

Cih (plane)? 

(756) (525) (841) 
(533a) 

(850) 

C 2 O 2 CI 2 (oxalylchloride) 

Cih (plane) ? ■ 


(C2O4)— 

Vh (plane)? 

(405) 


N204^»4 

Vh (plane)? 

(823) (290) 

(822) (769) (412) 

N 2 H 4 

no symmetry 

(479) (395) 

(332) (334) 

NH2GOH (formamide) 

Cs 

(755) (524) (840) 

(102) 

CIH2G— GN, CI2HG— GN 

Cs 

(201) 

GI3C— ON 

Czv 

(201) 


CHsSH 

Cs 

(906) 

(846) (860) 

PGI5 

D^h (bipyramid with P at 
center) 

(638) 


SbGls 

Cav (quadratic pyramid?) 

(728) (730) 


HGIO4 

AgC 104 

Cs (like CH 3 OH) 

(325) (727a) 

(649a) 


H2Se03 

two forms? 

(891) 


H2GNOH 

Cs (plane) 


(975) 

S 02 - 0 H-G 1 

no symmetry 

(603) (671) 

( 888 ) 


(e) Seven-atomic molecules 

Sulfur hexafluoride, SFe* Electron diffraction moasuromentB [Braiine and Knoko (177), J-^rock- 
way and Pauling (ISO)] first strongly suggested that in sulfur hexafluoride the sulfur atom occupies 
the center of a regular octahedron whose corners are occupied by the fluorine atoms (see Fig. 3d). 
This highly symmetrical structure has been fully confirmed by Raman and infrared invi'iBtigations 
[]Yost, Steffens, and Gross (974), Eucken and Ahrens (310)]. 

None of the bands observed in the Raman spectrum is observed in the infrared. This indicates 
that the molecule has a center of symmetry (see p. 256)^^® as has the octahedral model. If wo did 
not accept the electron diffraction evidence that this is the corrc(d» model wo might also coiiaider a 
plane symmetrical model of point group He/*- For the octahedral model there arc (see Table 36) 
six normal vibrations of the following species and activities: 

lAi£,(R.), ljE^i;(R.), 2Fi„(I.), lFufi,(R.), IF^u (inactive). 

For the plane hexagonal model there are ten normal vibrations of the species and activitii>B 

lAiff(R.), 1 A 2 m(I.), IBxa (inactive), IRiw (inactive), lB%u (inactive), 

2 Fiu(I.), 2 jF 2(,(R.), IFuu (inactive). 

The observed infrared and Raman bands arc given in Table 99. The observat ion of t.lirec^ Raman 
lines is compatible with either model. But the fact that there are only two infrared bauds of out- 

^ On p. 287. 

See Table 47, p. 184. 

195 objection that the infrared bands corresponding to the Raman bands may be wcuik (and 
vice versa) can hardly be raised in the case of a molecule which would have 15 fundamcniJils if it 
had not a high symmetry. 
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standing intensity, that is, two infrared-active fundamentals, and the fact that all other infrared 
bands can be interpreted as combinations of these fundamentals with the three Raman-active funda- 
mentals and just one inactive fundamental is strongly in favor of the octahedral model. 

The form and designation of the fundamentals of an octahedral XYe molecule have been given 
in the previous Fig. 51. In view of the rule that totally symmetric vibrations give rise to the strongest 
Raman lines, it appears certain that the very strong Raman line 775 cm“^ corresponds to the only 


TaBUB 99. INFRAKED AND RAMAN SPECTRA OF SPe AFTER EtJCKEN AND AHRENS (310) 

AND YOST AND STEFFENS AND GROSS (914). 


y vacuum (cm ^) 

Assignment 

X'vacuum (cm ^) 

Assignment 

(363)“® 

veihu) 

965 I. gas (v.s.) 

Vsiflu) 

524 U. liquid (w.) 

v&iho) 

1163 I. gas (v.w.) 

V4+Vs(Plu) 

545 I. gas (w.) 

”-3^4? 

1205 I. gas (v.w.) 

FS+X'4““3^6? 

617 I. gas (v.s.) 

»'4(/l«) 

1262 I. gas (s.) 

V2+V4k+VQ—V^ 

644 R. liquid (w.) 

V2(.ea) 

1282 I. gas (s.) 

P2+P4(Fiu) 

730 I. gas (w.) 

va H-J'o — ^4? 

1380 I. gas (v.w.) 

PI+P4(F i„) 

775 R. gas (v.s.) 

vi(aia) 

1578 I. gas (m.) 

P2’i-Pz(Fiu) 

830 I. gas (v.w.) 

885 I. gas (v.w.) 

Vi+Vs — I'D? 
>'B+»'6(^lu) 

1703 I. gas (m.) 

Pt+pz(Fiu) 


totally symmetric fundamental viiaig). The two weak Raman lines, 644 and 524 cm”^ are then 
P2(<?ff) and v^yiho), respectively (since from Fig. 51 one would expect > vs, the latter being a sort 
of deformation vibration). The two strong infrared bands at 965 and 617 cm“"^ are vzifiv) and ^4(/iu), 
and the remaining weaker infrared bands can be assigned as indicated in Table 99, according to 
Eucken and Ahrens (310) (with a slight modification). It is significant that in agreement with the 
selection rules (see p. 262) the first overtones of the infrared-active fundamentals, 2vz and 2^4, do 
not occur in the infrared spectrum. The assignment of the four weak infrared bands at 545, 730, 
830, 1205 cm“^ as difference bands is not satisfactory, since the corresponding summation bands do 
not occur. The frequency of the inactive vibration va is taken from specific heat measurements 
[see Eucken and Ahrens (310)]. Its value is not very certain since it is confirmed only by rather 
weak combination bands. Further work on the infrared spectrum, particularly at longer and 
shorter wave lengths than investigated by Eucken and Ahx'ens and with higher dispersion, would be 
very desirable. 


Methyl acetylene, CH3 — C^CH. In view of the linearity of acetylene, it is to be expected that 


in methyl acetylene the four atoms 



C=CH are arranged in a straight line. 


This is confirmed 


by the vibrational structure of the infrared and Raman spectra as well as by the fine structure of 
the infrared bands (see Chapter IV). The observed Raman and infrared bands are given in Table 100. 

If the symmetrical model is correct we have a case very similar to CH3CN (see p. 332), except 
that there is one more atom in the linear chain (the two molecules have the same number of electrons). 
Instead of four totally symmetric and four doubly degenerate vibrations, there are now five of each 
species. The additional totally symmetric vibration is essentially the C — H stretching vibration of 
the C^C — H group and is readily identified as the infrared band 3429 whereas the additional 

degenerate vibration is essentially the C — H bending vibration of the C=C — H group, which by 
comparison with C2H2 (see p. 290) is easily identified as the very strong infrared band (and strong 
depolarized Raman line) 642 The other fundamentals have magnitudes very similar to those 

of CH3CN and are consequently easily identified as given in Table 100. Since we number the 
vibrations of a given species in the order of their magnitudes, the numbering here is somewhat different 
from that for CH3CN. The character of the oscillations (CsG stretching, and the like) is indicated 
in Table 100. The remaining infrared and Raman bands (except the i;>hotographic infrared band 
and the Raman bands at 2128 and 2134 cm*"^) have been interpreted by Crawford (237) in the way 


Prom specific heat data [^Eucken and Ahrens (310)]. 

The large shift in going to the liquid (Raman line 3305 cm“'0 is indicative of a large effect 
of the intermolecular field. 










Table 100. baman and infbabed spectra op CHsC^CH, aftbb glockler and da vis (368), 

GLOCKLER AND WALL (386), AND CRAWFORD (237). 


338 VIBRATIONAL INFRARED AND RAMAN SPECTRA 


III, 3 


to ^ 

i 

&JD ' 


a 







0 

'w' 

>-~N /X 


tSQ 


> 


s 

2 

sS- 'S 

i 

'v£ 

^ 

3-E-S 

to 

t-H CD 

« 

i> 

;:k 

0 rH tH 

10 rH 

i-H CO to 

Cl 01 01 

00 

0 

00 

Cl 

0\ 

o\ 

<M 

Os 0 0 
M to to 
I-- 0 

fO CO XI 

rH 

0 :) 

CO 

05 

cJ 

05 0 
CO t- 
05 05 


g a 

s g 

I ^ 

C?3 pj 

PS S 

<1 


■4^ 

03 

s 

s? 

. m 
< 


to d 
tsS 7^ 
W) c 


T3- 

o 


d 

0 

a 

d 

W) 


t)£) 


aa 

tdO 


S o 

bC ^ 


■i 




QQ 

> 


nii;i3 ncJ 

5 I '5 '5 

3 o O' o' 

.o' o, ;0 w 
;a ^ ' — 

02 

2 > a .a 


00 


Cl 

CO 

Ir- 

rH. 

rH 

lO 

Cl 

CO 


00 

CO 


JC^ 

0 

rH 

rH 

IpH 

t^ 

00 

Os 

Os 

CO 

(M 

Cl 

d 

<M 

Cl 

<M 

Cxi 

00 



I — I 

faq £: 

o 


•K5 



; <3 " S' 'rt ’ tj « c — > ^ a. , 

i5 5 - i t 1 1 ? + 



rQ 

o 


6 

»o 




m 

> 


Ol O O rH ^ 
Th <M M 
VO l>- O 03 O 


o r-- o 

1-H 00 CO 

tH r— < 


O 

to 

to 


o 

CO 


^ O 

\0 1 -H to 

r-H rH 

to b- 00 


•w* ^w' 

^ o 

C3 O 

00 tH 
rH O'l 



2 




'PT' 


O' 

2 

*3 



X 

•3 

r 

Si 

0* 


/'-N 

c 

s; a 

rH 0 

p— H 

0 

ft 

0 

B 

* 1 

0 

cd 

too 

X 

• fH 

d 

O' 

s 

2 

a t 

ft 

0 

i—i 

0 


ft 

0 

d 0 
§ 

QQ 

X 

ft 

/“XV 

? 

X3 


t>* 

02 

to 


72 

<\ 

'w' 


Xs-,^ 


'w' 

'O 

ro 

0 

10 

Cxi 


rO 

4*1 

ro 

ro 

00 


<0 

SO 

Os 

0 

ro 





rH 



XJ 






bO 

d 
- ^ 

XJ 
d 

...s 

O Xj t-H 

III 1_J ffl 


T3 

d 

0 

rO 


in 

? 

o 

'Sw»' 

V-X 

o 

t-4 

Sk 


'3 Kl 

^e3 I — j ^ 

^ &q 3 &q th ^ I — I ^ 

0 -5 0 

r'r' ''S''sr'i-_J^‘-:J .:; 

1 s M ^ g f f ^ 3. 

A 5 S' 4- + I ^ 

RkSk^CO 




I 

oo 

Sk 


I 


Bq 


;:k 

+ 


Bq 


yO 

Pk 

o;t 


(75 

Si 

■44> 

d 

C5 

,jc; 

-f-t 

0 

bfl 

Si 

o 

p 

. a 

0 OQ 

■ 4-1 -rH 

c5 

■4-;j 

OQ 
0 
a ^ 

P ^ 
0 xJ 

§ 

O p 
oa .2 

.£ m 

s s 
g*.!* 

o 

rd 0 
Si 

o 

d 


i 


00 


0 

o 

d 


sa t/> 

44 Ui 
O 0 

c5 44 

fH 




0 

1 

o 


0 
o 

D* m 
W - 

.a nu 

g 


d 
0 
> M 


*Eb 

to 


1 


0 

a 
0 

g o 

0 kf-H 

d o 
o 

a 0 

is .§ 

Q . 4 -' 

Cu 0 
^ c3 

^ s 

^ ci 
VH X 

li 

0 d 
to ^ 

.4w ^ 

^ a 

a '—< 

42 

o ^ 
d 

0 2 
0 o 

S !d 

^ c2 
<3-* 4^ 
4 d r\ 

s? 

o w 

w 


CO 

w p 

•x? <30 

C l 

o 


X5 


a 


o 

V 

d 

t4 

o O 

J>4 

0 4» 
J;; 

d 

d ^ 


J 

"Sb 

c 

Oj 

s 

cu 

o 


I * ' 

oo ?3 

Si 

. 4 ^ 

•3 S5 

^ 44 

i I 

XlJ 

t i 


t> 


4> 


4±< ti 

o g 

QJ 

4d 


a> 


a 

o 

a d 

> ? 
C 5 j 5 » 
^ Si 


to 

rd 

4-* 

0 

a 

0 


CiS 

V— ^ 

o a 

III i 

;:^ 

O ^ 
^ o 

fr-* 

fd 0 
Q too 

& ^ 

y 

j 

O X? 

ta a 

4-> 

52 Cd 
4-j 
Q$ 

P-< 


II 

P—4 •!»► 


p -p, b0 

-S I s 
“ W -i 


CO 

0 


o 

« - O 

d 'S "3 

£*„ > a 


tS4 

a3 

■o w 


TS &» 
d 

CCJ 


d ^ 

.2 ^ 

?H IL 

cd 0 

11 

0 


5P S xd 

O O ,X5 53 

3 

>>i p. ' 

43 o 

0 . 


•a I .i 

0 r-^ 


kfe 

C! 

P #Mn4 

IS 

05 


nd 

I 'S 
2 a 

V « 

t>> 4*i 
4D Q 


0 rirl=^ 

*7-* ft CL> Q. 

§ I - I 

s I 

£ Q 2 
4d rJd 44 

."d "3 ^ 

^ XJ cd 72 

I g a .3 


o 

CO 

3U« 

0 

P 

03 

m 

X3 

S 

0 

too 

PQ 

4D 

d 

F 

> 

*ai 



in, 3 


INDIVIDUAL MOLECULES 


339 


yiveii in Table 100. It should be noted that, as for the other methyl compounds, the overtones 2vi 
and 2v~, of the CHj deformation vibrations occur with a fair intensity in the Raman spectrum, due 

to Fermi resonance with The latter is, therefore, actually higher than it would be without 

this resonance* 

A fall discussion of the force constants in CH 3 — C^^CH has been given by Crawford (237) and 
Crawford and Brinkley (240). These authors have also been able to predict the vibration frequencies 
by assuming force constants as observed in C^Ho, CH3X, C 2 H 6 , obtaining a very satisfactory 
agreement with the observed figures. 

Allene, CH 2 =C=CH 2 . Allene is an isomer of methyl acetylene. From valence theory one 
would expect that the C=C=G chain is linear but that the two CH 2 groups lie in planes at right 
nngles to each other and passing through the C==C=C axis, that is, that the molecule belongs to 
point gioup V^i (see lug. 2m). T.he infrai'ed and Raman data thus far available can be interpreted 
oil this basis but are hardly sufficient to prove the structure. Howevei* this structure is also sup- 
ported by the observation that the dipole moment is zero [[Watson, Kane, and Ramaswany (912a) 
The numbers, species, and activities of the fundamentals on- the assumption of point group Vd 
are (see Tables 36 and 55) 

3Ai(R.), lBi(R0, 3R2(R., I.), 4ir(R*, I.); 

that is, all eleven fundamentals are Raman active and seven of them are infrared active. The 
observed spectrum is given in Table 101. 


TABLU 101. RAMAN AND INFRARED SPECTRA OF CH2==C=CH2, AFTER LINNETT 
AND AVERY (584) AND EYBTER (3l7),204u 


Assign men t 

Raman 

(liquid) 

A P vacuum 
(cm**^) 

Infrared 

(gas) 

^vacuum 

(cm"-^) 

Assignment 

Raman 

(liquid) 

APvacuum 

(cm~^) 

Infrared 

(gas) 

^vacuum 

(cm”“^) 

»/n(«) (C==( :=-C 

353 (m.) 



2993 (v.s.)206 


bending) 






2vu(Ai,BuJid 

705 (w.) 


- 

3061 (s.)20« 

overlapped 

r.i(6i) (twisting) 

{ (820)2®® • 





»'to(<0(C-=G=C 

{ 838 (m.) 


v3+r8(F)2®«? 


4200 (v.w.) 

bending) 

1 

852 (v.s.) 

SvAB'z) 


8739.0 (w.) 

>'!((<') (CHo rooking) 


1031 (m.) 

2vi -\rvUBA 


8776.6 (w.) 


1071 (v.a.)2«« 


? 


892220® (v.w.) 

J/.1 H-rn(A’) 


11(55 (v.w.)? 

2vh 


8978 (w.) 



1389 (s.) 

2pfi-\-vi(B2) 


9012 (w.) 


1432 (s.)2o« 


3ph(E, E) 


9076,7 (w.) 

2i'io(.li, Bi, Bt) 

1084 (w.) 

1700 (m.) 

? 


9718 (v.w.) 


1956 (v.w.) 

1980 (s.) 

? 


10420 (v.w.) 

V7 +vA£!) 


2420 (w.) 

2prt ”f"ri ”i“>'o(7?2) 


1071020® (v.w.) 

2p‘>(A0 

2858 (w.) 


3rr.+2i/7(R2)l 





2960 (m.)2«’' 

Sp»+V7 + paiB-,, Bi)j 


11418 (w.) 




5rf.(/i2) 


13904 (v.w.) 


Note added in jiroof: In a recent paper Thompson and Harris (855a) have reinvestigated the 
infrared spei^trum under somewhat higher dispersion. From the observed contours they have con- 
firmed thfit the liands 1389 and 1700 cm““^ are | [ bands and the bands 852 and 1031 cm*”^ are A bands 
as required by the asBignment given in Table 101. Thompson and Harris’ wave numbers differ 
slightly from those of Linnett and Avery given here. 

From specific-heat data (see text). ' 

These figures are the averages of the values given by Linnett and Avery (584) and Koppor 
and Pongratz (537). 

Broad band. 

A number of ternary combinations would give better agreement. 

These are misprinted in Fyster’s i>aper. 
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The three totally symmetric vibrations, vi, vn, vs, are essentially the two symmetrical Cilia vibra, 
tions (C — H stretching and bending) taking place in phase, and the analogue of the vibration. vi qj 
CO 2 considering the CH 2 groups as one particle each. They aie readily identified with the strong 
Raman lines 2993, 1432, and 1071 cm“i. The first two are similar to the corresponding C 2 H :4 
vibrations (Table 92) and the third agrees well with the value one obtains from the equations for a 
linear triatomic system using the same force constant for the C=C bond as found for C 2 H 4 [^see 
Kopper and Pongratz (637)]. 

Two of the 62 vibrations are similar to »'i®®'(ai) and except that the atoms in th© two 

CH 2 groups move with a phase shift of 180°. The third 62 vibration corresponds to Ps of CO 2 - These 
three vibrations are to be identified with the infrared bands 2960, 1389, and 1980 cm""^, respectively. 
The last is again in almost exact agreement with calculations on the basis of the C=C force constant 
of C 2 H 4 . Of the four degenerate fundamentals one is essentially a vibration in which in both CHj 
groups the antisymmetric C — H stretching vibration (pz in Fig. 25a) takes place. It can only be 
identified with the strong Raman line 3061 Cm“^. The three remaining degenerate fundamentals 
are essentially the three bending vibrations of a linear five-particle system (H 2 = 0 ===C===C!!=====H 2 ). 
They are most probably to be assigned as indicated in Table 101. The last remaining fundamental 
V 4 (bi) is the twisting vibration of the two OH 2 groups about the C=C=C axis. From specific heat 
data, assuming all the other fundamentals as knpwn, Linnett and Avery (684) obtained for it 820 
cm~^. They assumed that the Raman line 838 cm~^ is a superposition of P 4 (which is Raman active 
only) and i'io(e) = 852 cm“^ (which is known from the infrared spectrum). A plausible interpreta- 
tion of the other infrared and Raman bands as combinations and overtone bands is given in Table lOl. 
On the whole, the assignment appears to be very satisfactory. 

If the agreement between the two Raman lines 1684 and 1956 cm“^ with the infrared bands 1700 
and 1980 is not a chance coincidence it would exclude a plane model of the allone molecule, since that 
would have a center of symmetry and therefore the rule of mutual exclusion should hold. However, 
it has to be considered that the Raman lines are weak, that the agreement is not very good, and that 
the Raman spectrum refers to the liquid rather than to the gaseous state. Further work, ptirticularly 
an investigation of the Raman spectrum of the gas, is necessary to decide this question unambigu- 
ously- Also an investigation of the degree of depolarization of the Raman linos would bo desirable. 

Ethylene oxide, C2H4O. Valence considerations lead to the expectation that in the ethylene 
oxide molecule the three heavier atoms form an isosceles triangle and the two CH 2 groups form planes 
at right angles to the C 2 O plane. Again the Raman and infrared spectra can bo interi>retod on t-biq 
assumption, but they do not supply an unambiguous proof for it. Under the above assumption the 
point group is Czv and the distribution of the fifteen fundamentals over the four species is 

5Ai(I., R.), 3A2(R.), 4i?,(L, R.), SR.-d., R.), 

where (I.) and (R.) indicate infrared and Raman activity.®^® 

For each symmetry type there is one vibration that is essentially a C — H stretching vibration 
which must be of the order 3000 cm~^: The two CH 2 groups may oscillate in phase or with a. 180° 
phase difference, performing either the symmetrical or the antisymmetrical CH 2 vibration (vi and 
Pz of Fig. 25a). While four Raman lines are observed in the 3000 cm~'‘ region (Table 102 ), only one 
of them is depolarized, whereas of the four fundamentals mentioned all but one should bo doj)<)larizod. 
It is therefore necessary to assume that the four fundamentals coincide in pairs as indioattxl in Table 
102 , and that the two remaining Raman frequencies 2915 and 2958 cm“^ are overtones strongthonod 
by Fermi resonance. 

In a similar way the CH 2 deformation vibration may take place in phase or with 180® phase shift 
in the two CH 2 groups, giving rise to two frequencies, ^ 2 ( 01 ) and vio( 5 i), in the 1450 cm“*- range. 
That one of these frequencies is rather higher than in C 2 H 4 (see Table 92) is due to the fact, that here 
it is pushed up by the lower fundamental, j' 3 ® 2 ®(ai), whereas in C 2 H 4 it is pushed down by the higher 
fundamental P 2 ^^(ag) of the same species (see p. 200 ). 

Three further fundamentals would be expected to correspond essentially to the deformations of 
the C 2 O ring [or in other words to the vibrations of a three-particle system (CH.,.) 20 ]. Th<‘y should 
give rise to strong Raman lines and it is plausible to identify them with the three strongost R,aznan 
lines below 2000 cm 1267, 863, and 806 cm~^, as has always been done in the litera,turo. This 

““ If the H atoms were in the C 2 O plane, the point group would also be C 21 ., but tho distriljution 
over the species would be GAi, 2 A 2 , 5Bi, 2Jii (see Table 34) 
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leads indeed to very reasonable values for the C— C and C— O force constants (similar to those in 
C2H6 and CH3OH) but, as has been emphasized by Kohlrausch and Reitz (527), it appears to be in 
disagreement with the degree of depolarization of one of the lines (806 or 863 cm~^), since only one 
of the three should be depolarized. To be sure, for totally symmetric vibrations the degree of de- 


Table 102. raman and infrared spectra op ethylene oxide (C2H4O), after 

KOHLRAUSCH AND REITZ (527)211, BONNER (165), AND LINNETT (581) .212 


Assignment 


>'11— Pl6? 


i'i 6(?>2)CB[2 twisting 

i'B^20(ai) 

P8(a2)CH2 twisting 
>' 4 (ai')CH 2 bending 
>'i 4 (fe 2 )CH 2 rocking 1 
j'u(6i)CH 2 bending] 

VI (a^ CH2 rocking 1 
2>'i6(Ai) ] 

y2®^^2(ai) 

2i'6(A.i) 

J' 5 +>’ 12 (lSl) 

2»'i2(Ai) 

Vs +>'12(^2), \ 

Vi + »'15(A.i) / 


Raman 

Infrared 


Raman 

Infrared 

(liquid) 

(gas) 

Assignment 

(liquid) 

(gas) 

A J'vacuum 

^vacuum 


A vacuum 

^'vacuum 





(cm-i)2i3 

509 (v,w.)? 


va +vis(B 2 ) 


1948 (w,) 

704 (v.w.)? 

68S (w.)2H 

Vll -f»'12(A.i) 


2021 (m.) 

806 (s.) depol. 

808 (w.) 

rs -t-»'i2(Ri) 


2118 (w.) 

863 (s.) depol. 

865 (v.8.)2^® 



2290 (m.)2M 

1023 (v.wO 




2635 (w.) 

1120 (m.) pol. 


>'2+5E'3(Ai) 


2785 (v.w.) 

11S3 (w.) depol. 

1151 (a.)2w 

2vio(Ai) 

2915 (s.) Dol. 


2j<2(Ai) 

2958 (s.) pol. 1 



1267 (v.s.) pol. 

1263 (s.)2is 

>'o^®'(6i) / 

3007 (v.s.) pol 

V 

3029 (v.s.) 

1379 (v.w.)? 

1469 (v.w.) depol. 

1453 (w.) 

>'6‘^®''(a2),’l 
»'lf( 62 ) J 

3061 (m.) depol. 

J 


1487 (w.) pol. 

1495 (m.) 

Vl+Vu, 1 


3875 (m.) 


1616 (w.) 

>'9-4-*'12, ■ • * J 



1638 (m.) 

vi+va, v^+va 


4291 (m.) 


1727 (w.) 

>'2+Fl3(i?2) 


4586 (w.) 


1844 (v.w.) 

2>'8(Ai), 1 

2»/i3(Ai), • * • / 


6171 (w.) 


polarization may have any value between 0 and t- It may occasionally bo so close to y that a polar- 
ized line cannot be distinguished from a depolarized one. Another explanation would be that the 
CH2 twisting vibration vs{a-:^ (see below) has the same frequency as Po^^^^Cai) and predominates in 
the Raman effect [[see Linnett (581)[].2i® However, heat-capacity measurements by Kistiakowsky 
and Rice (513) do not seem to be compatible with two fundamentals at 806 cm~^ (if all the other 
fundamentals are correctly identified). 

In addition to the CH2 and C2O frequencies there are the frequencies in which the whole molecule 
is bent or twisted. First, wo expect two vibrations in which the CH2 groups remain perpendicular 
and symmetrical to the C2O plane but are bent symmetrically or antisymmetrically with respect 
to the yz plane [[CH2 bending, viiai), and rii(hi)[]. Then there are two vibrations in which the CH2 
groups move in their planes [[CH2 rocking, vy^a-z) and >'14(^2)], and finally two vibrations in which 


211 Other Raman data have boon obtained, previous to Kohlrausch and Reitz , by Timm and Mecke 
(863), Ananthakrishnan (46) and Bonner (165), but are not as complete. The values given are not 
averages but those of Kohlrausch and Reitz only. 

212 Some further bands in the photographic infrared have boon found by Mecke and Vierling 
(617) and Eyster (316). 

212 Average of Bonner’s and Linnett’s data wherever both are available, except above 3000 cm~i, 
where Linnett’s data are given since his dispersion seems to have been much greater. 

214 For these bands the data of Bonner and Linnett diverge rather more than corresponds to 
their stated accuracy. 

21® These bands have three maxima corresponding apparently to P, Q, and R branches. 

21® Kohlrausch and Reitz (527) have suggested that the two lower C2O vibrations coincide at 
863 cm~^. But then the infrared band of the gas at 808 cm~^ would bo difficult to explain. 
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the CH 2 groups are twisted with respect to their symmetry axis CCHa twisting, ^^ 8 (^ 2 ) and 
A tentative assignment of these vibrations is given in Table 102.^^^ 

The interpretation of the other infrared and Raman bands as overtone and combination bands 
[[mostly due to Linnett (581)3 given in Table 102. 

Some authors have used the frequencies of the C 2 O ring deformation vibrations to calculate, on 
the assumption of a central (or valence) force system, the angle at the vertex of the C 2 O triangle. 
But apart from the uncertainty in the assignment of these frequencies, and apart from the limitationa 
of these force systems, such calculations neglect the fact that those CH 2 vibrations that have the 
same species as the C 2 O vibrations push the zero-approximation C 2 O frequencies up or down as 
the case may be. 

Other seven-atomic molecules* In Table 103 are given references for the Raman and infrared 
spectra of some further seven-atomic molecules. The suggested structures, which arc indicated in 
the table as obtained from the spectra, are in most cases less certain than for the molecules considered 
in detail above, and also the fundamentals are less definitely identified. 


Table 103. ftjrthek seven-atomic molecules. 


Molecule 

Structure 

References 

Raman speeti'um 

Infrared spectrum 

SeFs. TeFe 

Oh regular octahedron 

(974) , 

(754) 

SiFe’, SnCle”, PbCls'^ 

Oh regular octahedron (?) 

(820) (728) (729) (402) 

SnBrs" 

Dih octahedron (?) 

(730) 


SbClfi- 

Oh regular octahedron (?) 

(728) (729) 


B( 0 H )3 

Csh plane ? 

(478) (625) 

(775) 

N2O6 

? 

(197) (200) (821) 

H2SO4, H 2 Se 04 

? 

(14) 


CH3C=CC1, Br, I 

C^v 

(218a) 


CH3NH2, CH3ND2 

Cs 

(518) (506) (299a) 

(213) (080) (861) 

CH3N3 

Cs (N3 linear) 

(482) 

(847) (79) (214) 
(15()) (319) 

CH3NCO . 

1 C, (NCO linear?) 

(537) (394) 

(319) 

CH3NO2, CD3NO2 

c. 

(689) (915) (619) (945a) 

(915) (945a) 

CCI3NO2, CBrsNOa 

c. 

(948a) 

CCl 3 C 02 “ 

c.. 

(948a) 


CH3COH, CD3COD 

C. 

(520) (952) (350a) (350b) 

(34.7) (855) (635a) 

CH3COCI, CHsCOBr 

S 

/\ 

CH2 CH2 

c* 

(305) (524) 

C^v (like C2H4O) 

(854) 

(316) (854) 

HC=C— COOH 

Ca (HC^=C — C linear) 

(753) 


C2H3CN 

C» (plane ?) 

(863) (738) 


+H3N— NHa.l 
+D3N— ND2 / 

Ca 

(298) (299a) 



(/) Eight-atomic molecules 


Ethane, CsHe and CoDg. The moat important eight-atomic moicculo is tho otiiaiu' moU«cul(‘ 
Cons^ermg the previoua results about the structure of the methyl group, there can be no doubt that 
m G 2 H 6 the C— C axis is a three-fold axis of symmetry. The only question as to the structure is whether 
there is in addition a plane of symmetry perpendicular to the axis (eclipsed model, point group Du) or 


es^ntially the assignment of Linnett (581) but takes into accounf, tiu, new weak Raman 
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I center of symmetry (staaijcnid model, point gi’oup Dsd), or whether there is free rotation, of the two 
JHg groups relative to each other about the C — C axis. 

The assumption that there is free rotation (or nearly free rotation) is definitely ruled out by the 
vork of Kemp and Pitzer (496), Kistiakowsky, Lacher and Stitt (509) (610) and Wilson (938) on 
he entropy and the low-ternperature heat capacity of CaHc and C 2 D 6 Csee also Schaefer (768)].^^®- 
4t the temperature of liquid air the contributions to the specific heat of all vibrations except the 
borsional oscillation are negligible. The excess over the ordinary translational and rotational specific 
neat ( 3 jK) is thus entirely due to the torsion of the two CH 3 groups with respect to each other. If 
here were free rotation (or nearly free rotation) this contribution should be (or somewhat larger 
For nearly free rotation), whereas for larger fi'equencies of the torsional oscillation (that is, for strongly 
hiindei’ed rotation) the contribution would go to zero (see Chapter V, section 1 , in particular Fig. 170a) . 
Phe fact that it is found to be about Q.ZR shows definitely that the rotation is not free. From the 
heat capacity data, the first two levels of the torsional oscillation in CaHs were found to be at 275 
and 620 cm~^. A third level at 725 cm“^ is rather uncertain. These energy levels can be 
represented by a cosinelike potential curve for the torsion with a barrier height of 965 cm"”^ (2750 
cal /mole). The barrier height, however, depends considerably on the assumed form of the potential 
(see Chapter II, section 5d). 

Taking now a lion-zero torsional vibration as proven, we need only discuss the eclipsed (Usa) 
and the staggered (D;trf) forms of C 2 H 0 . Table 104 gives for both forms the designation, species. 


Table 104. designation, species, activity, and description of the 

NORMAL VIBRATIONS OP THE TWO MODELS OI’ CaHe- 


Desig- 

nation 

Description 

D[ih (eclipsed model) 

Dzd (staggered model) 

Species 

Activity 

Species 

Activity 


CH stretching 

A,/ 

R. pol. 

A Iff 

R. poL 


CH|{ deformation 

Ai' 

R. pol. 


R. pol. 


C — C stretching 

AF 

R. pol. 

A Iff 

R. poL 


Torsion 

Ai" 

inactive 

A 1(4 

inactive 

Vb 

CH stretching 

A 2 " 

1 . 11 

AbR 

1 . 11 


CH;j deformation 

Ai" 

1 . 11 

A 2 U 

1 . 11 

V7 

CH stretching 


I- X , R. depoL 


I. ± 


CH 3 deformation 

M' 

I. i., R. depoL 

Eu 

I. ± 


Bending 

K' 

I* -L T R- depoL 

■Eu 

I. A 

*^10 

CH stretcdiing 

E" 

R. depoL 

Eu 

R. depol. 

Vi) 

CH 3 deformation 

E" 

R, dei)oL 

E, 

R. depol. 

PV2 

Bending 

E" 

R. dei)oL 

E„ 

R. depol. 


activity, and description of the fundamental vibrations. The form of the vibrations is easily visual- 
ized if it is realized that the four fundamentals of C1I» (see Fig. 45) occur once with both CH,i groups 
vibrating in phase and once with these groups vibrating in opposite phase and that in addition there 
are the C — C stretching vibration, two bonding vibrations of similar to those of 

C-iHa (see p. 181), and the torsional oscillation. These vibrations have been illustrated in the 
previous Fig. 49. It should be noted that in order to avoid having different numberings for the two 
models the order of the symmetry types for D^d in Table 104 is not the usual one, as it is for Dzu- 

It is seen from Table 104 that of the twelve fundamentals in the staggered model (Dg,;) only six 
are Tlaman active, whereas for the eclipsed model (,Dy.h) nine are Raman active. While eight or nine 
liaman-lines have been observed for the gas,^'-® this is not sufR(dent evidence to exclude the staggered 
model, since some of them may correspond to overtone or (lombination bands. 

The observed infrared and Raman bands lor both C 'allfl and C/aDo nre given in Table 106. In 
the last two columns an assignment is given for both assumptions about the stiaicture of the molecule 
[[see Crawford, Avery, and Linnett (239) and Stitt (810) []. 

The fine structure of the infrared bands leads to the same conclusion [[see Howard (461) 
and Chapter IV]. 

21 ® The additional lines observed for the liquid may be due to a violation of the selection rules. 
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HI, 3 


C 2 H 6 

^'vacuum (cm 


C 2 D 6 

^vacuum (cm 


Assignments^® 


Infrared 

820.82 X (s.) 

1379.0 II (w.) 

1414 ± (w.) 

1486.0 ± (s.) 

1740 ? (w.) 

2230 ± ? (w.) 

2302 II ? (w.)222 
2368.7 II ? (w.) 

2660 X (w.) 

2753.3 II (m.) 

2894 II (m.) 

2954 II (8.) 

2994.3 X (m.) 

3006 H (m.) 
3100-3150 X (w.) 
3185 II (w.) 

3222 II (w.) 

Inactive (from specific 
heat) 

275 

Raman 

617 liquid (v.w.) 
813 liquid (v.w.) 
975 (w.) 

993.0 (s.) pol. 
(1155) indirect 

1344? 


'-'601 (s.) 
'1072 (s.) 

'1102 (s.) 


1654 (w.) 
1907 (w.) 


2087 (8.) 
2111 ( 8 .) 
2236 (8.) 


2414 (w.) 
2710 ? (w.) 


852 (a.) pol. 
'970 (w.) depol. 


V9(e') 

ve^^o(a2'') 

Vi+Vl2(B') 

vs^'^Ke') 

P 4 +vn(E') 
2pi 2(E'), Vi+vgiE') 
V9 ■f"Pll(A2'0 
P3 “{~P6(A2^0 
P3+2p9(J5')“® 
P2+P6(A2'0 

Vs '{-vii^Ai,"') 

P 7 ^®(e 0 
/p6+2p9(A2'0 
(P 3 ~I~P12(A2^0 

vs+2ME',E') 
f 2 vi +P8 +^12(^2") 
\p2 "l“P3 AvsiE') 
V4+via{E') 

V3 +P9 +P1i(A 2'0 
Pl+P9(^0 


P4*(ai") 

2p4(AiO 

P9(«') 

»'3(C12— Cl®) 

m(e") 

impurity? 


PsCOu) 

P6®^®(«2«) 

V4 +i'i 2 (A!'m) 

„8CH:3(e„) 

V4 H-pii(^«) 

P2 Xl'9(j®u) 
P9+Pn(.i42«> 

Vs +P®(j! 42 «) 
P8+Pl2(Al2Mi Exi) 
P2+P6('42«) 

Vs +Ph(-4.2m) 
P3‘^^(a2«) 


*'3+P9-l-»'12(Al2«» EIu) 

vs+2ps(Az^, Eu, E^) 
2p4 +P8 +PI2(-A2«. Et^ 
vs-i-vs -\-VQ(Euy 

Vi +vio(.Ett) 

Fs +P9 H-Pll (^2 m> Eu) 
vi+voCEu) 


viCaiu) 

2p4(Ailg) 

Lvg(eu) n 

P3(C12 Cl») 

" 12 ( 0 ^) 


^ Only the symmetry types of the active components are given. 

For C 2 H 6 , with several exceptions, this is the list given by Crawford, Avery, and Linnett (239), 
who have incorporated in addition to their own data those of Levin and Meyer (574) and !Bartholom6 
and Karweil (123). The five bands 1379.0, 1486.1, 2368.7, 2753.3. and 2994.3 cm"! are Som Se 
more accurate measurements of Smith and Woodward [(798) and private communication for which 
the author la greatly indebted to Dr. Smith], the band 820.82 crn'i from Owens and Barker (081). 

A few further very weak bands given by Avery and Ellis (63) are not included. For C->Do the data 
are due to Stitt (810). “ ' 

This band may be identical with 2368.7 cm"! since it is given only by Bartholom6 and Karweil 
(123) who do not mention the 2368.7-cm~i band. 

This is the assignment by Bartholom6 and Karweil (123). That by Crawford, Avery and 
Lmnett (239) as no - P4 is not compatible with the fact that this band does not disappear at liciuid-air 
temperatures [see Avery and Ellis (63) ]. 

®®^See Kistiakowsky, Lacher, and Stitt (510). 

« Except where otherwise stated, the data for C 2 H 0 refer to the gaseous state and are taken 

f Houston (576) . The liquid data for C 2 Hfl are from G locklcr 

and Renfrew (379) and Goubeau and Karweil (396). The data for CaDo are those of Stitt (810), 
which refer to the liquid state. v - 

^ Specific-heat data give 2 p 4 = 520 cm-L 
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Table 105.- 

-Continued* 


CsHs 

J'vaouum (cm 

C 2 D 6 

Assignments^^® 

J^'vacuum (cm'~’^) 

Dzh 


(1375) calculated 

1460 (m.) depoL 

1491 liquid (w.) 

2744 (w.) 

2778 (v.w.) 

2899.2 (s.) poL 

2965.1 (s.) pol. 

2939.6 (w.) 

2963 liquid (w.) 

1158 (m.) pol. 

1055 (m.) depol. 

1930 (v.w.) 

'^2300 (w.) pol. 

2083 (s.) pol.l 

2147 (s.) pol./ 

2225 (s.) depol. 

»-2®®»(ai') 

„gCH3(,,) 

2vx2W,E’) 

2i'2(^i') 

2vz{Ax') 

Ux^^iax') 

\2vxi<:Ax') 
fys+vixiE") ] 
\2p8(Ai'. E') ^ 

J 

2vii(Alg, Eg) 
2v2(Axo) 

2v6(Alg) 

vi^^idig) 

2vix(Aig) 

2v%{Axg, Eg) 


There can be no doubt that the strong polarized Raman doublet of C 2 H 6 at 2899-2955 cm-i 
(for C 2 D 6 at 2083-2147 cm“~^) is due to resonance between the totally symmetric C — H vibration vi 
and the overtone of one of the CH 3 deformation vibrations, most probably 1460 cm"“^, since only one 
totally symmetric fundamental is expected in this region for both models. The other strong polar- 
ized Raman line, 993.0 cm^^ (852 for C 2 D 6 ), is obviously vs, that is, essentially the C — C stretching 
vibration. The third totally symmetric vibration, does not seem to appear in the Raman spec- 

trum of C 2 H 6 , unless one wants to correlate it with the questionable line 1344 cm”"^, which according 
to Crawford, Avery, and Linnett is due to C 2 H 4 . However does apped!r for C 2 D 6 as the medium- 
intense polarized Raman line 1158 cm“"^. For C 2 H 6 , = 1375 is obtained from the very 

plausible and apparently only reasonable assignment of the infrared |I band at 2753.3 cm“i as V 2 + ve. 

The two fundamentals vs and ve should give rise to parallel infrared bands (see Table 104). 
They are most probably to be identified with the infrared doublet at 2954-2894 cm“^ (2111-2087 
cm“^ for C 2 II 6 ) and the band at 1379 cm“~^ (1072 cm~^ for C 2 D 6 ) respectively. The appearance of a 
doublet rather than a single band must again be due to resonance (see Table 105). 

The three fundamentals vy, vs, vo should give rise to JL infrared bands. Since there are no other 
such fundamentals they have to bo identified with the only three medium or strong X infrared bands 
2994.3, 1486.0, and 820.82 cm“^, respectively (2236, 1102, and 601 for C 2 D 6 ) which also have a 
very reasonable magnitude. 

Of the three Raman-active fundamentals vio. vu, V 12 , only v[7^^ is readily identified as the medium- 
strength depolarized Raman line 1460 (1055 cm"^^ for C 2 D 6 ). The C — stretching vibration 

vio may be any one of the four weak Raman lines 2744, 2778, 2939.5, and 2963 cm"^^. Karweil and 
Schaefer (485) used 2778, whereas Crawford, Avery, and Linnett (239) as well as Stitt (810) chose 
2963. In Table 105 the latter choice is adopted since it seems to lead to a somewhat simpler assign- 
ment of the combination and overtone bands.^^® The corresponding C 2 D 6 band is the strong de- 
polarized Raman lino 2225 The frequency V 12 has been called the ‘‘uncertain frequency*' of 

C 2 HG. Specific-heat data exclude the possibility that it has a value below 1000 cm“"^ [see, for ex- 
ample, Schaefer (768)3* No Raman line above 1000 cm"”^ that might be identified with this fre- 
quency has been observed. Crawford, Avery, and Linnett (239) have assigned the infrared band 
1414 cm“^ as V4 + vviCE^ Eu) where V 4 is taken as 275 from specific-heat data (see above). 

This gives a value of about 1140 for vi 2 - A similar value, 1170 is obtained if the Raman band 

970 of C 2 DG is interpreted as vi 2 and the product rule ai>plied to determine V 12 of C 2 H 6 [see 

Stitt (810)3. We shall therefore use an average value 1155 cm’"^ for V 12 of C 2 H 6 . 

It is seen from the above that we can use the same fundamentals on the assumption of either 
model (Dtih or D^id) of C 2 H 6 . One way to decide which model is correct would be to establish whether 

The close coincidence of this doublet witli the Raman doublet 2955— 2S99 cm”^ is very strange, 
since they cannot possibly correspond to the same transition. 

A more definite decision would be x>ossible by a measurement of the state of polarization of 
the four Raman lines in question. 
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or not the fundamentals V 7 , va, and V 9 observed in the infrared occur in the Rarnan spectrum as well, 
since, according to Table 104, for Dsa they should but for Du they should not occur. According to 
the assignment in Table 105 the infrared band vi seems to be definitely absent in the Raman spectrum. 
But there are two weak Raman bands at 1491 and 813 cm“^ that agree fairly well with the infrared 
fundamentals va = 1486 and va = 821 cm~^. However, it would be premature to conclude that this 
proves the correctness of the eclipsed model {Dzh ) , since the Raman lines in question have been ob- 
served in liquid CaHe only, and it may be that they are due to a violation of the selection rules for 
Dzd caused by intermolecular forces. It is necessary to observe these Raman linos in the gas in 
order to obtain an unambiguous decision.^^a A decision would also be possible through the observa- 
tion of overtone or combination bands which are forbidden for the one but allowed for the other model. 
For example, for Dzh., one component of 2vi2 is infrared active, whereas for Dza both components are 
inactive (see Tables 32 and 55). The infrared band 2230 cm~^ does indeed fit the interpretation 2vii 
but is not suitable for a proof of the model Dzh as was thought by Kai-weil and Schaefer (485) , since 
for Dzd it can also be interpreted as V 2 vs^Du), although perhaps not as well. 

The interpretation of the other infrared and Raman bands on either model is indicated in Table 
105. It is essentially that of Crawford, Avery, and Linnett (239) and Stitt (810). Since there ig 
as yet no band that can definitely not be interpreted on the basis of either model, the question as 
to which is the correct model is still open. The agreement of the calculated and observed values 
for the overtone and combination bands is perhaps somewhat better for Dzh than for Dj)d.» Some 
higher overtone and combination bands have been observed by Levin and Moyer (574), Adel and 
Slipher (39), and Ganswein and Mecke (346). 

Theoretical calculations of the potential hill opposing free rotation, by Gorin, Walter, and 
Ejoing (393), point to Dzh as the more probable model, whereas the heats of hydrogenation of 
imsaturated cyclic hydrocarbons according to Conn, Kistiakowsky, and Smith (228) favor Dzd. The 
latter model is also suggested by the fact that in disubstituted ethanes the trans form is the stable 
one (see below) and that apparently in cyclopentane the C atoms are not all in one plane [soo Aston, 
Schumann, Fink, and Dqty (62) (61) and Pitzer and Gwinn (697)]. Some more direct evidence 
from the spectrum of C 2 Ha would of course be very desirable.* 

Detailed formulae for the relation between force constants and fundamental vibrations in CaHj 
have been discussed by Howard (460), Glockler and Wall (384), Stitt (810), and Crawford and 
Brinkley (240). 

C2H4CI2, C2H2CI4, and the question of rotational isomerism. The fact that there is no free 
rotation in ethane suggests that in substituted ethanes likewise free rotation docts not exist. If this 
is true one would expect two (rotationaZ) isomers of, for example, l,2-di(!hloro<ithaue (GH 2 CI — CH 2 CI) 
or 1,2-tetrachloroethane (CHCI 2 CHCI 2 ), with different relative orientations of thes two halves of 
the molecule with respect to each other, somewhat similar to the cis and trans isomers of (iichloro- 
ethylene (CHC1=CHC1). That such rotational isomers have never boon Hor>aratod cdiomically is 
easily explained as due to the smallness of the potential hill separating the modifications. If it is 
of the same order (3000 calories) as for C 2 H 6 , unlike the case of the dichloroothylenea, a transformation 
can readily take place at ordinary temperatures. 

Raman and infrared spectra do indeed give rather definite indications of tho presomso of at least 
two rotational isomers in these substances [see Kohlrausch (14) ]. There are many more strong 
Raman lines than would be expected if only one modification (with or without free rotation) were 
present, and at low temperatures a considerable number of these disappear, indicating that at low 
temperatures the thermodynamically stabler isomer predominates [for C 2 H 4 CI 2 and other dihalo- 
ethanes, see Mizushima, Morino, and co-workers (629) (630) (631) (538) ; for C 2 H 2 CI 4 , see Langseth 
and Bernstein (549) J. 

Up uptil 1940 only the cis and trans isomers, illustrated in Pig. 97a and d for tho case of C 2 H 4 CI 2 , 
were usually considered. These two forms belong to point groups Cz„ and Czh, resixMstivtdy. How- 
ever, if the forces opposing torsion of the two CH 2 CI (or CHCI 2 ) groups with respect to e'ach other 
are at all similar to t hose in ethane, one would not expect that both tho cis (eclipsed) and tho trans 

229 Coriolis interaction with active fundamentals (see p. 458) cannot cause a violation of the 
selection rules in this case. 

A somewhat different assignment for the fundamentals has been BuggcBted by Ibirker (107) 
but a number of strong arguments against it have been given by Stitt (811). 

The statement by Kohlrausch (14) that if there were completely free rotation tile Rarnan lines 
would not be sharp appears to be incorrect. 
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(B(Kiggtn..d) forms could be stable, but rather that there axe cither three stahte eclipsed (Fig. 97a, b, d) 
or t tree sta e staggered (Fig. 97d, e, f,) configurations, that is, that there are three potential minima 







Fig, 97. Conceivable rotational isomers of C 2 H 4 CI 2 . 


separated by approximately 120 ®, as indicated in Fig. 98. Unlike the case of CaHa, there are no 
longer any reasons of symmetry requiring the angle to be exactly 120 °, but the angle should be the 
same between a and b as between a and c (and simi- 


larly between d and e as between d and f).^*^ in 
the unsymmotrical forms there is still a two-fold 
axis of symmetry perpendiculars to the C — C axis 
and therefore they belong to point group C 2 . For 
brevity we shall henceforth call them the C 2 forms 
(eclipsed or staggered). The two eclipsed C 2 forms, 
and similarly the two staggoi-od C 2 forms, can be trans- 
formed into each other by an inversion followed by a 
rotation about the C — C axis. They are optical isomers 
(see p. 224) and, since they have identical potential 
minima, they have the same energy levels and therefore 
the same spectrum and the same chemical properties. 
For all practical purposes they may bo considered as 
one modification. Of course, on account of the finite 
height of the potential barrier separating the Cs forms, 
each level is split into two sublevels (each of which 
corresponds to both configurations ; see p, 221), but this 
splitting will bo noticeable only for the higher levels of 
the torsional oscillation. 

In both cases when the cis or when the trans form 
has a minimum, two possibilities have to bo dis- 
tinguished: of the three minima, either the minimum 
corresponding to the cis (or trans) form is the lowest 
responding to the C 2 forms are lowest (Fig. 98b). 




tion of the angle of twist about the C — C 
axis in C 2 H 4 CI 2 (a) when the symmetri- 
cal cis or transform is the more stable 
one, (b) when it is less stable than the 
C 2 forms. 


(Fig. 98a) or the (identical) minima cor- 


232 There is, of course, a remote possibility that the deviation from 120° is so great that the two 
minima corresponding to the Cz forma coalesce. This would correspond to the old idea that the cis 
and trans forms are both stable. 
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Thus the following questions present themselves: (1) Are there one or two isomers in the di- and 
tetrahaloe thanes? (2) If there is only one, is it the cis or trans form, or the one with completely 
free rotation? (3) If there are two isomers, are they the cis and trans, the cis and Ca, or the trana 
and C 2 forms? (4) Which one of the two forms has the lower energy? 

As mentioned above, the answer to the first question can be given fairly definitely on the basis 
of the Raman spectrum. As shown in Table 106, 23 Raman lines have been observed for C 2 H 4 CI 2 
and 24 for C 2 H 2 CI 4 , while there are only 18 fundamentals. Even if all fundamentals are Raman 
active, as they would be for the cis and C 2 models (see below) , the difference in the above numbers 
can hardly be explained as overtone or combination bands, particularly if it is remembered that usually 


Table 106. KAMAK and nSTFBAEEO SPECTBA of liquid 1,2-DICHLOnOETHAISrE 

AND 1,1,2,2-TBTRACHLOROETHANE. 


C 2 H 4 C 12 

C2H2CI4 

Raman^^^ 

Infrared^^^ 

Raman^^ 

A^vacuum (cm”"^) 

J^vacuum (cm ^) 

A^vacuum (cm*“^) 

124 (m.) depol. 


88.2 (s.) pol. 

264 (m.) pol. 


173.0 (s.) pol* 

301 (s.) pol. 4- 


183.6 (m.) 

410 (m.) depol. 


226.0 (m.) - 

454 (v.w.) 


241.7 (s.) pol- + 

653 (v.s.) pol. 

656 (s.) 

288.8 (s.) depol. 

676 (m.) depol. 

676 (s.) 

294.6 (m.) - 


707 (s.) 

352.9 (v.s.) pol. + 

753 (v.s.) pol. + 


366.7 (m.) - 


759 (w.) 

646.4 (m.) depol. + 


818 (v.w.) 

648.1 (s.) pol. 4- 

881 (w.) depol. 

878 (m.) 

765.1 (m.) pol. — 

943 (m.) pol. 

937 (m.) 

801.6 (v.s.) pol. 

991 (v.w.) + 


, 812.1 (m.) 

1032 (v.w.) pol. 

1015 (w.) 

1018.1 (m.) 

1054 (w.) pol. + 


1028.1 (w.) 


1092 (v.w.) 

1118 (v.w.) 

1143 (w.) depol. 


1171 (v.w.) 

1207 (m.) pol. 


1203.1 (w.) 


1243 (m.) 

1217.0 (m.) depol. 

1263 (w.) depol. + 


1245.2 (m.) 

1302 (m.) pol. + 


1278.8 (w.) 


~1400 (m.) 

1307.3 (w.) 

1428 (m.) depol. 


2989.1 (m.) pol. 

1442 (w.) depol. + 



2845 (w.) 



2873 (w.) pol. + 



2966 (v.s.) pol. + 



3002 (m.) depol. + 



1 

~3000 (s.) 



“33 Raman shifts as given by Kohlrausch and Wittek (533) on the basis of their own and earlier 
measurements, A + indicates that the line does not disappear in the solid at —40“ C according to 
Mizushima and Morino (628). 

“3* According to Cheng and Lecomte (204). 

23S The frequencies are those of Langseth and Bernstein (549). The polarization data are from 
Trumpy (878) (879). He gives an additional polarized Raman line at 396 cm-^. A -h indicates 
that the intensity of a line increases at lower temperature, a — that it decreases according to Bangseth 
and Bernstein. The above authors have also investigated the corresponding deutoro compound. 
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not all allowed fundamentals do occur. In addition it is found that a considerable number of lines 
of both substances disappear or become decidedly weaker at lower temperatures (see Table 106). 
This can hardly be explained except by assuming two modifications, one of which is thermodynami- 
cally less stable (higher potential minimum in Fig. 98) than the other. Indeed, in the case of C 2 H 2 CI 4 , 
by careful intensity measurements at different temperatures, Langseth and Bernstein ( 549 ) have 
determined the energy difference between the two isomers as 1100 cal/mole ( =385 cm”^). This is 
also in agreement with the fact that at room temperature the Raman lines of the less stable form are 
all weaker than those of the more stable form. 

It does not appear to be possible to assume, as has been done at one time by several investi- 
gators, that the appearance of additional Raman lines at higher temperatures is due not to a second 
isomer but to the fact that with increasing amplitude of the torsional oscillation the selection rules 
break down. The selection rules are rigorous for any amplitude of vibration as long as the equilibrium 
position is the one for which they are derived (see p. 253f .) and as long as the interaction of vibration 
and rotation is slight. However, in agreement with the selection rules new lines may appear, whose 
lower states are higher vibrational levels ; but the stronger of these lines should all lie close to the low 
temperature lines unless large anharmonicities or strong resonances occur (see p. 312). Since this 
is not the case we consider the existence of two isomers as established. 

In order to be able to answer the third and fourth questions on the basis of the spectrum, it is 
necessary to know the species and activities of the fundamentals of the various forms. On the basis 
of Tables 35 and 55 one finds for the cis form of either C2H2CI4 or C2H4CI2 

(point group Oiv ) : 6 Ai(R., I.), 4 JL 2 (R.), 5JSi(R., I.), 3 R 2 (Rm I.) ; 

for the trans form 

(point group C 2 a) : 6 -Ai;(R.), 4JLu(I.)f 3Ri,(R.), 6 Bu(L); 

and for the C% form, either staggered or eclipsed, 

(point group C 2 ) : 10 A(R., I.), 8J5(R., I.). 

It is very significant that for C2H4CI2 ten Raman lines persist at low temperatures. Six of these 
are polarized, three are depolarized, and for one the degree of depolarization has not been measured. 
This is in almost perfect agreement with the predictions for the trans form, which requires nine Raman- 
active fundamentals (six giving polarized, three depolarized lines), whereas it would be difficult to 
reconcile with either of the other two models, for both of which all eighteen fundamentals are Raman 
active. Assuming the trans form, one Raman line has to be explained as an overtone, and this is 
very readily possible for the line 2873 cm"^^, which is almost certainly the first overtone of 1442 cm”’^, 
and is strengthened by I’esonance with 2956 cm"*^ (similar to CiH^; see above). In support of the 
conclusion that the trans form is the one that is stable at low temperatures is also the fact that none of 
the Raman lines persisting at low temperature has a corresponding infrared band (the rule of mutual 
exclusion must hold for C 2 h) • 

The above conclusion, based entirely on spectroscopic arguments, is in agreement with the results 
of dipole measurements, which give a value zero at low temperatures, and with electron diffraction 
data [see Beach and Palmer (131) and Beach and Turkevich (132)^3 g 

The question whether the less stable form of C 2 H 4 CI 2 is the cis or C 2 form cannot be so definitely 
answered at the present time. In principle a decision would bo possible from the number of polarized 
and depolarized Raman lines (6 and 12 for C 2 ,), 10 and 8 for C 2 )- But thus far, not all Raman funda- 
mentals of this model have been found, probably due to the comparatively small concentration of 
the second isomer at room temi)erature- Four of the Raman lines disappearing at low temperatures 
are polarized, eight are depolarized, which is in agreement with either model. As mentioned above, 
theoretically the ataggored C 2 structure seems much more plausible for the second less stable form 
of C 2 H 4 CI 2 [see also Langseth, Bernstein, and Bak (550) and Edgell and Glockler (297)]. 

Assuming the cis structure for the less stable isomer, Wu (960) and Kohlrausch and Wittek 
(533) have given detailed assignments of the observed Raman and infrared bands. Even though 
it would bo easy to change the assignment to fit the model we shall not give it here, because of 
the large uncertainties involved. 

230 The assertion pf these authors that there is no other potential minimum than that correspond- 
ing to the trans configuration cannot be considered as definitely proven since the concentration of 
the other isomer at room temperatui'C may be small. 
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In the case of tetrachloroethane Ijangseth and Bernstein (549) have concluded, on th© basis of 
the number of Raman-active vibrations below 400 that neither of the two forms exist (as 

shown by the temperature dependence) can be the trans form and that the modification, of lowest 
energy is the cis form. However, without detailed calculations (which they have not cmxicd out), 
it would not appear to be possible in molecules as complicated as these to determine the number of 
fundamentals with a frequency below a certain value.^^ Electron diffraction work by Schomaker 


Table 107. further eight-atomic molecules. 




References 

Molecule 

Structure 

Raman 

spectrum 

Infrared 

spectrum 

. 

Did (puckered octagon) 

(149) (153) (891a) (897) 

■ (673c) 

(114) 

CzClfi, CaBre 

Dzh or Dzd (like C 2 H 6 ) 

(13) (420) (627) (48) 
(407a) (532a) 


Si2H6, Si2Cl6 

Dzh or Dzd (or free 
rotation) 

(816) 


B 2 H 6 

Dzh or Dzd (like C 2 H 6 )? 

(51) (813) 

(814> 

AI 2 CI 6 , Al2Br6 

Vh ■ 

(743) (350o) (532a) 


CH 3 NH 3 + CH 3 ND 3 + 

Dzh or Dad!? 

(298) (299a) 


+H 3 N— NH 3 + +D 3 N— ND 3 + 

Dzh or Dzdi 

(298) (299a) 


CHaBr— CHaBr, CH 2 I— CH 2 I 

C^h and C 2 

(14) (424) (190) (628) 
(481) 

(204) 

CH 3 CHCI 2 , CH 3 CHBr 2 ,\ 
CH 3 CHI 2 / 

c. 

(483) 

(304) 

C2H2Br4 

C 2 h and C 2 

(14) 


C 2 F 4 CI 2 , C 2 F 4 Br 2 

C 2 h and C 2 

(383) 


CFCI 2 CFCI 2 

C^h and C 2 ? 

(382) 


C 2 F 4 HCI 

Cfli and C*! 

(383) 


CiRiClBT, C 2 H 4 CII 

Gai Cx 

(14) (190) (905) 

(204) (005) 

CHs— CCI 3 , CHs— CFs 

Czv 

(463) (415) (522) (752a) 


CCI 3 — CF 3 

Czv 

(383) 


CHCI 2 — GH 2 CI, \ 

C.-t 

(522) (463) (483) 


CHBra— CH 2 Br / 


CF 2 CI— CFCI 2 

Cs and Cl 

(383) 


C 2 HCI 6 

Ca 

(13) (14) 

(960) 

C 2 HSCI, C 2 H 6 Br, C 2 H 5 I 

c. 

(14) (907) (424) (908) 

(249) 

CH 2 DCH 2 Br 

Ca and Cl 

(551) 


CClsCHFCl 

Cl 

(383) 


C 2 H 3 FClBr 

Cl 

(375) 


CFoClCHFCl, 1 

Cl 

(383) 


CF 2 BrCFClBrJ 


(C00H)2 

C 2 »? or Fa? 

(59) (451) (721) (756) 


CNCH=CHCN 

C 2 A 


(737) 

CH 3 COOH 

Ca? 

(14) (786) (755a) (300) 

(361) (70) (429) 

CCI 3 COOH 

Ca? 

300 

(269) 

CHCI 2 COOH 

Cl 

(300) 

(NH 2 ) 2 C 0 

C20 

(14) (679) (739) 

(494) (495) 

(NH 2 ) 2 CS 

C 2 «? 

(532) 


C2H3— C=C— H 

Ca plane? 

(368) (862) 

( 122 ) (346) 

C 2 H 4 NH 

Ca 


(316) 

CHsNOs 

Ca 

(199) (94Sb) (508a) 

(568a) 


Also they have not proven the assignment of all Raman lines to the different isomers but only 
those indicated by + or — in Table lOOt 
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and Stevenson ( 771 a) seeinB to show \^ovy definitely that in CjilloCl-i the staggered (trans and €*>) 
configurations occur and not the cis form. This work does not allow a decision as to which of the 
two staggered forms is the more stable one, but a proper modification of Langseth and Bernstein’s 
arguments makes it appear probable that it is the trans form. 

Summarizing, we can say that it appears certain that there are two rotational isomers of C2H4CI2 
as well as of C2H2CI4, and that, at least for C2H4CI2, the trans form is the more stable one. The 
latter conclusion very probably applies also to C2H2CI4, and in both cases it is very likely that the 
second isomer has the C2 form. 

Botational isomerism occurs, of course, in many other similar cases, not only when Cl is replaced 
by another halogen but also in cases such as C2H4XY where X is any halogen and Y is CH3, C2H6, 
and so on. In fact, it was the observation that in C3H7X, C4H9X, - • • the C — X sti’etching vibration 
is split into two whereas it is single in CH3X and C2H5X that first led Kohlrausch and his co-workers 
to the assumption of rotational isomerism. 


Table 108 . designation, description, species, and activity of the normal vibrations 
OF cyclopropane; and comparison with those of C2H4O. 


Desig- 

Description 



Corresponding 
vibration of 

nation 





Species 

Activity 

Species 

Activity 

C2H40 

VI 

CH stretching 

Ax' 

R. pol. 

Ax 

I. E,. pol. 

»/x^^(ax) 

P2 

CH2 deformation 

Ax' 

R. pol. 

Ax 

I. R. pol. 



ring deformation 

Ax' 

R. pol. 

Ai 

I. R. pol. 

vs ^2® (ax) 

P 4 

CH2 twisting 

Ax" 

inactive 

A 2 

R. depol. 



CH2 bending 

A/ 

inactive 

Bi 

I. R. depol. 


P6 

CH stretching 

A 2 " 

I. II 


I. R. depol. 


V7 

CH2 rocking 

As" 

I- II 

Ra 

I. R, depol. 


P8 

CH stretching 

E' 

I. X R. depol. 

Ax 

I. R. pol. +depol. 









VQ 

CH2 deformation 

E' 

I. J_ R. depol. 

Ax +Ri 

I. R. pol. +depol. 









PlO 

CH2 bending 

E'^ 

I. JL R. depol. 

Ax +Ri 

I. R. pol. +depol. 


Pll 

ring deformation 

E' 

I. ± R. depol. 

d-Ri 

I. R. ix>l. d-depol. 









P12 

CH stretching 

E" 

R- depol. 

A2+B2 

I. R. depol. 









Pl3 

CH2 rocking 

E" 

R. depol. 

A 2 +B 2 

I. R. depol. 

^' 7 (^ 2 ) +*'14(^>2) 

yu 

CH2 twisting 

E'^ 

R, depol. 

A 2 

I. R. dei>ol. 

^^8(^2) +*'ir>('^^ 2 ) 


Other eight-atomic molecules. A large number of further eight-atomic molecules have been 
investigated. Table 107 gives references to the more recent work on a number of these molecules 
as well as the most probable structures- The information about most of these molecules is less 
complete than for those discussed above and the conclusions as to the structure are necessarily less 
certain. 

The molecules Si2H6, Si2Cl(s, and B2H6 would bo expected to have a structure similar to 

C2H6, The Raman spectra do not contradict this conclusion but are not sufficient to establish it 
beyond doubt. The infrared spectra, except for B2H0, have not as yet been investigated and con- 
sequently not all fundamentals are as yet known. The question as to the potential hill preventing 
free rotation in these molecules has also not boon definitely settled. 

Unlike the case of the di- and tetrahaloethanes discussed above, for CFoClCHFCl and similar 
haloethanes one would expect three rotational isomers [[see Glockler and Sage ( 383 ) ] but the spectro- 
scopic evidence is not yet suJfficient to establish this. 

For B2H6 Stitt ( 814 ) obtains a potential hill of between 4000 and 5000 or 15,000 cal/mole 
depending on the interpretation of the spectrum. 

The plane of the three C atoms is assumed to be the xz plane. 
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Ig) Nine-<Ltomic molecules 

Cyclopropane, CsHe. The cyclopropane molecule is related to the ethylene oxide (C2H4O) 
molecule treated earlier, differing from it only in that the oxygen atom is replaced by the isoelectronio 
CH2 group. Since the three C atoms in cyclopropane are equivalent one would expect them to 
form an equilateral triangle and as in C2H4O the CH2 groups would be expected to be in planes at 
right angles to that of the triangle. Thus the point group would be Dzh- This is confirmed by the 
investigation of the Raman and infrared spectra. 

In Table 108 are given the designations, descriptions, species and activities of the fundamental 
vibrations of cyclopropane, assuming point group Dzn (see Tables 22, 36, 55 and Fig. 36). Also the 
corresponding species and activities of point group C 2 ® are given to provide for the possibility that 
f.hig represents the symmetry of the molecule, and at the same time to facilitate the correlation to 
C2H4O. The last column gives the corresponding vibrations of G2H4O (see Table 102). The assign- 
ment of the observed frequencies to the theoretically expected fundamentals can be carried out in 
much the same way as for O2H4O. It is therefore not necessary to give a detailed discussion'. Table 
109 gives the observed infrared and Raman spectra with essentially the assignments given by Linnett 
(581), as modified by Kistiakowsky and Rice (512) and Smith (797). The two Raman- and infrared- 
inactive fundamentals vi and vz and one of the e" fundamentals, which has not been directly observed. 


Table 109 . raman and infrared spectra op cyclopropane (CsHe). 

I 



Raman, 

Infrared, 


Raman, 

Infrared, 

Assignment 

liquid^^o 

gas^"*^ 

Assignment 

liquid2«» 

gas^^^ 


Aj'vacuum^ 

J'vacuum* 


Arvaeuumt 

J^vacuuin» 

Pis— »^14 (AiO 

382 (v.w.) 


1 


2493 (w.) 

P2— Vll? 


654242 ) 

V6+>'9(F') J 


P9— PU? 


694^^ (w.) 

P3+P0CJS') 


2631 (w.) 

PuCe") twisting 

740 (w.) depoL 


2i>g(Ai'+F') 

2854 (w.) pol. 



866 (v.s.) depol.^‘‘® 

868 (v.s.) 

4n4(Ai' + 2F')? 

2952( w.) pol. 


rocking 


872 (v.s.) 

2p2(Ai') 

3011 (s.) pol.2'3 


P 4 (ai") twisting 

(1000) 

^^tJinl(^/) 


3024.4 (v.s.)l. 

PioCe') bending 

1022 (w.) 

1027.6 (8.)± 

Pi®^(aiO 

3029 (s.) pol.^'® 


*' 5 ( 02 ') bending 

(1070) 

P?^(e") 

3080 (m.) dep. 


vizCe") rocking 

(1120) 




3103.0 (v.s.) 11 

Ps^^(ai') 

1189 (v.s.) pol.^^^ 


pzApb +>'io(-E')? 


3580 (w.) 

VgCHj(g/J 

1435 (m.) depol. 

14322^4 (s.) 

Pi+PiiCJS') 1 


3845 (w.) 

2»^14(Ai' 

1454 (m.) 


PB~i-Pit(-E') J 



1504 (w.) poL 


Pz +J' 6 (A 2 ") 1 


42002« (w.) 

*'4+»'14(F0 


1739 (m.) 

pzApz (F') j 


V7 -hPuCJS') 


1779 (w.) 

Pl -f-»'9(F0 1 


44502« (m.) 

rio+>'ii(Ai' +F') 

1873 (v.w.) 

1888 (s.) 

VB+Pg(E') j 


P5+rxo(FO 


2084 (s.) 

ve-{-2pz(.A‘>"), etc. 


5130 (v.w.) 

»'9+»'14(A2") 

, 

2178 (w.) 

2va(.E'), etc. 


6020 (w.) 

V2+P1i(-E') 


2330 (w.) 





Average of the data of Ananthakrishnan (46) and Harris, Ashdown, and Armstrong (410), 
wherever both are available. The polarization, data are from Ananthakrishnan (46) and .Linnett (581), 
Average of the data of Bonner (165) and Linnett (581) except for the bands 868, 872, 1027.6, 
3024.4, 3103.0 cm"^ taken from the higher dispei’sion work of Smith (797) and 3580 cm““^ observed 
only by King, Armstrong, and Harris (503). 

These two absorption maxima which possibly form one band have been observed by Bonner 
(165) only, although Linnett (581) looked for them. They are therefore i> 08 sibly due to an impurity. 
Also observed in the gas. 

This band has two maxima (PR?). 

These two bands were resolved by King, Armstrong, and Harris (503) only, whereas Bonner 
(165) and Linnett (581) measured them as one band. 
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are based on rather doubtful identifications of overtone bands. Otherwise the assignments are quite 
satisfactory. The selection rules are well observed, a fact which strongly supports the assumed 
model The observation of both a strong || and a strong JL infrared band in the 3000 

region would not be compatible with a completely plane model if the two bands are both funda- 
mentals. This supports the assumption that the CH 2 planes are at right angles to the plane of the 
three C atoms. An evaluation of the force constants from the observed fundamentals on the basis 
of a generaliased valence force system has been carried out by Saksena (754a). 

A number of photographic infrared bands have been observed by Eyster (316). Their assignment 
is not very certain. 

Dimethyl ether, (CHs)^©. The dimethyl ether molecule (CH3)20 is also in some respects similar 
to C2H4O, except that there is no bond between the two C atoms and that there are CH3 instead of 
CH 2 groups. One would expect the point group to be unless, as is unlikely, there is completely 
free rotation of the CH3 groups about the C — O bonds. The designation, species, character and 
activity of the 21 fundamentals are given in Table 110. In this table the designations symmetrical 


Table 110. besionation, chabacteh, species,^^® and activity of 

THE NORMAL VIBRATIONS OP (CH3)20. 


Description 

At 

A 2 

Bt 


C — H non-symmetric stretching 


»' 8 ^^(a 2 ) 

y?^(Jbt) 


C — H symmetric stretching 


— 



CH 3 non-symmetric deformation 





CHg symmetric defoi'mation 


■ — 


— 

CHg A rocking^'^^ 

— 


— 

^ 20 (^ 2 ) 

CHg II rocking^"^^ 


— 

viaQ}^ 


C — 0 stretching 


— 


_ 

C — 0 — C bending 

V7 

— 

— 

— 

CHg twisting 

— 


— 

P2l(h2) 

Activity 

R- pol. I. 

R. depol. 

R. depol. I. 

R. depol. I. 


and non-symmetrical stretching and deformation indicate that the displacements within the CH 3 
groups are essentially the totally symmetric and degenerate vibrations respectively of free CH3 
ivi, V 2 and P 3 , va respectively in Fig. 45). Of course, if both CH 3 groups in (CH ;{)20 carry out, for 
example, a symmetrical stretching vibration, then \inlike the case of free CH3 the amplitudes of 
the six H atoms will not be exactly the same, but those of the two H atoms in the C — O — C plane 
will be somewhat different from those of the other H atoms. As emphasized before, an exact dis- 
tinction between vibrations of the same species, imrticularly if they have similar frequencies, does 
not exist. 

Table 111 gives the observed Raman and infrared spectra of (CH 3 ) 20 . The three C — O — C 
vibrations are easily identified as indicated in this table by comparing with the C — O vibration of 
CH3OH and by considering the state of polarization of the Raman lines. The weaker bands ac- 
companying the strong G — O bands 1122 and 940 cm“^ in the infrared are apparently transitions 
from excited vibrational levels. That these secondary bands agree better with the Raman bands 
than the main infrared bands is probably due to the shift between liquid and vapor. If the C — O — C 
frequencies are substituted into the valence force equations of a triatomie system, very reasonable 
values for the C — O stretching- and bending-force constants as well as for the C — O — C angle (116*^) 
are olitained [[sec Kohlrausch (14)]. However, it would be wrong to place too much reliance in 
the accuracy of the values obtained, since the neighboring CH 3 vibrations of the same symmetry 
type will shift the C — O — C frequencies somewhat from the vahies they would have if the CH3 
groups were single particles. 

The other fundamentals cannot as definitely be identified. A tentative assignment is given in 
the table. All the six CH 3 deformation frequencies seem to be superimj^osed at about 1450 cm"*^, 

The C — O — C plane is asstimod to 1)C the xz plane. 

JL and || resi)Octivcly to the C — O — plane. 
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all infrared-active C — H stretching frequencies in the broad band at 2914 cm~^. The assignment 
of the two CHs twisting oscillations i'll and pn is particularly uncertain, It may be the pair of 
Raman lines 160 and 300 cm“^ [as has been suggested by Pitzer (696) ], or the pair 702 and 583 cm~‘, 
or neither qne of them. Indirect information about these twisting vibrations may be derived from 

Table 111. raman and infrared spectra of (CHa)20. 



Raman 

Infrared 


Assignment 

Aii 248 

^J'vacuum 

X'vaciium 

Assignment 


(liquid) 

(gas)^-‘® 



160? (w.) pol. 


* ■ 


300? (v.w.) pol. 


V 3 +V 2 U V4+vn, * 


414 (w.) pol. 

(below 440) 

Fe -f-Fi7(jBi) 

?J'2i(52)? 

583? (w.) 

610 (w.) 

F 3 +F 6 , F 4 -I-F 6 , 

?J'ii(a2)? 

702? (v.w.) 


vu+vs, FisH-ye, 

0 

0 

0 

918 (s.) pol. 1 

f 

1 

920 (m.) 
940 (s.) 

Fifl-l-Fe 

FlO + FlS, ••*? 


1100 (w.) 1 

f 

1 

1102 (w.) 
1122 (m.) 

2vi? 

vs, VlO, Fie, *<20 

1155? (w.) depol. 

1180 (s.) 

2vi5?FfH, ,CH , 

Vz, r4, ro, vuA 
ri5, Vl9 j 

1448 (s.) depol. 

1466 (v.s.) 

2f3? 

3*^7 +ri6, r7+J^20 


1605 (w.) 

^2+^3? 


Raman 

A,, 248 

(liquid) 


CH 

18 


2812 (v,s.) poL 
2863 (s.) poL 
2916 (s.) poL 
2950 (s.) poL 
2986 (s.) poL 


Infrared 

^vacuum 

(gas)^^® 


1861 (m.) 
2032 (m.) 
2100 (s.) 

2324 (w.) 
2399 (m.) 

2652 (wO 


2914(v.s.) 


4273 (m.) 


thermodynamic data- By assuming the assignment of Table 111 with the exception of rn and vn, 
Kistiakowsky and Rice (513) obtained from the heat capacity of (CH3)20 a potential barrier opposing 
free rotation of 2500 cal/mole, while Kennedy, Sagenkahn, and Aston (498) obtained from the entropy 
3100 cal/mole (see Chapter V, section 1). The frequency of the twisting vibrations is therefore by 
no means zero but of the same order as in ethane (see Table 105). 

Propylene, CHg — CH=CH 2 * The propylene molecule, even in its most symmetrical configura- 
tion, has only one plane of symmetry (point group C«). It would be difficult to establish the preaenco 
of this plane of symmetry from a study of the vibration spectrum. Even when this is assumed, on 
account of the lack of symmetry, the determination of the fundamental frequencies from the ob- 
served Raman and infrared spectra is by no means an easy task. In order to accomplish it, Wilson 
and Wells (945) have calculated the fundamentals below 2000 from assumed values of the 

force constants taken from other molecules (including many interaction terms in the valence force 
treatment) and have used the calculated values as an aid in assigning the observed bands. In this 
case a knowledge of only the order of magnitude of the stretching and bending vibrations is not 
sufficient on account of the lai'ge number of vibx'ationa and the fact that their interaction is very 
little restricted by symmetry. 

In Table 112 are given the observed Raman and infrared spectra of propylene. There are 
fourteen fundamentals symmetric with respect to the plane of symmetry (species seven anti- 

symmetric ones (species A"), all of which are infrared and Raman active. The assignment of the 
fundamentals below 2000 cra~^ in Table 112 is essentially that of Wilson and Wells. Their calculated 
values are also given. The assignment of the fundamentals above 2000 is essentially that of 
Fox and Martin (330), who have obtained them by comparison with similar molecules containing 
CH, CHg, and CH 3 groups. The descriptions of the vibrations given in the tabic are similar to 
those used previously. The assignments for the rocking and twisting vibrations arc rather uncertain, 
as are the interpretations of the overtone and combination bands. 

Average of Kohlrausch’s (518) and Ananthakrishnan’s (48) data. Values with a question 
mark have been observed by one observer only. 

After Crawford and Joyce (245). 

The tentative assignment of these bands is due to Pitzer ( 690 ) , who realized that it contradicts 
the observed polarization of the bands. 
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If the fundamentals of Table 112 (except the CHs twisting frequency) are assumed to be correct 
the height of the potential barrier opposing free rotation of the CHa can be calculated from^ heat- 
capacity data (see Chapter V, section 1). The value pbtained by Wilson and Wells (945) and con- 
firmed by Telfair and Pielemeier (835) (834) is 2100 cal/mole (740 cm~i). 


Table 112. inpkabed and kaman spectka op propylene (CHs — CH==CH2). 


Assignment 

Infrared^^^ 

^'vacuum (cm~“^) 

Raman (liquid)®®^ 

APvacuum (cm~l) 

Calculated 

(cm“"^) 

C — CHs twisting? 

(17' 

7)253 


i/i4(a0 C=C — C bending 

417 (m.) 

432 (m.) pol. 

428 

C=CH2 twisting 

578 (s.) 

580 (w.bO depol. 

574 

V 20 (A^) ? 

756 (w.) 



C — C stretching 

919 (s.) 

920 (s.) pol. 

917 

viaia") C — H bending 

936 (v-wO* 


940 

V14+J/1!:o(A")? 

963 (v.w.)* 



J'lsCa") CH3 rocking ? 

996 (w.) 


xooo 

ri2(a0 CH3 rocking ? 

1043 (v-w-)* 


1022 

viiici'") CH2 rocking ? 

1166 (w.) 


1100 

vii(a') CH2 rocking ? 

1224 (m.) 


1111 


1244 (w.) 



CH bending < 

1287 . . 

1317 

1297 (v.s.) pol. 

1297 

CHa symmetric deformation 

. 1399 (w.) 


1386 

CH2 deformation 

1416 (w.) 

1415 (m.) pol. 

1429 

P 7 C 0 ,') CH3 non-symmetric deformation 

1448 (s.) 

1448 (w.) 

1471 ^ 

CHa non-symmetric deformation 

1472 (m.) 


1474 


1489] 



+J'2 o(A') ? 

1508 Kv.w.) 




1520 J 



C=C stretching 

1647 (s.) 

1048 (v.s.) pol. 

1681 


1718 (wO 




1830 (m.) 



2piii(A') ? 

1976 (v.w.) 



P7+P2o(A')*^ 

2035 (w.) 



2pi7(A0 ? 

2320 (w.) 



2i.xo(A') ? 

2574 (w.) 



X'8+»'1 o(A') ? 


2732 (w.) pol. 


J'? d-J'ioCA') ? 


2763 (v.w.) 


2 x.o(AO ? 


2795 (v.w.) 


2ps(A0 ? 


2823 (w.) pol. 


Pr,(a') CHa symmetric stretching ) 

2852 (m.)=^ 

2857 (w.) pol. 


2^7(A0 / 

2884 (m.)^ 

2890 (m.) pol. 


Pi(a') CHa non-symmetric stretching ) 

2916 (s.)’*' 

2924 (v.s.) pol. 


2pi,(A') i 

2942 (s.)* 



CH;t non-symmetric stretching J 

2960 

2950 (v.w.) 


CHa symmetric stretching 

2979 

2990 (w.) pol. 


p'zUf') CH stretching 

3012 (m.)=*= 

3010 (s.b.) pol. 



3007 (w. )* 



PiXa') CJH2 non-symmetric stretclnng / 

3081 

3087 (w.) 



Except for the bands marked by * those are the data for the gas given by Wilson and Wells 
(945). The throe bands at 936, 903, and 1043 cm—*^ were measured by Avery and Ellis (63) in the 
solid at —195° and the bands above 2800 by Fox and Martin (330) in solution in CCI4. 

Data of Ananthakrishnan (45), except for the weak lino 1448 cm”" which was only found by 
Bourguel and Piaux (17.3). 

26S liVom the interpretation of the band 755 cm~*, very uncertain. 
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Other nine-atomic molecules. In Table 113, references to Raman and infrared investigations 
of other nine-atomic molecules are given, as well as the structures derived. However it must be 
understood that in no case can these structures be considered as established beyond doubt. 


Table 113. other nine-atomic molecules. 


Molecule 

Structure 

References 

Raman spectrum 

Infrared spectrum 

Ni(CO )4 

Td? (tetrahedral)^®^ 

(293) (932) 

(87) (243) 

(CH3)2S 

C2„ [like (CH3)20] 

(518) (620) (326) 

(326) (851) 

(CH3)2Se 

C2„ [like (CH3)20] 

(289) 


C4H4O (fur an) 

C 2 .V (plane) 

(14) (736) 

(600) (601) (693) 

C4H4S (thiophene) 

C2 p (plane) 

(14) (736) (894) 

(600) (601) (100) (117) 

C2H5OH 

c. 

(14) (907) (773) 

(67) (308) (773) (974a) 

CzHbSH 

c. 

(907) 


C2H5SeH 

c. 

(254) 


C 2 H 6 CN, CaKsNC 

Cs 

(14) 


CH3— CO— NH2 

c. 

(14) (762) (478a) 


CHs— CS— NH2 

c. 

(532) 


CCI3— CO— NH2 

c. 

(948a) 


(CH3)2Zn 

I> 3 h(?) 

(894) (682) 

(859) 

(CH3)2Hg 

Dzhif) 

(682) (858) 


CH2CI— CH2OH 

c. ? 

(632) 


CNCH2— COOH 

c,? 

(252) 



(h) Ten-atomic molecules 

Dimethyl acetylene, CH3 — C^C — CH3. From our previous discussion of methyl acetylene it 
is practically certain that in dimethyl acetylene (CH3 — C=C — CH3) the four C atoms lie on a 
straight line, that is, that the molecule has a three-fold axis of symmetry. As for C2H(j, we have the 
three possibilities for the structure of CH3 — C=C — CH3: point group point group Dad, or free 
rotation of the two CH3 groups about the C — C=C — C axis. In fact, if the potential barrier op- 
posing free rotation in C2H6 is due to the interaction between the H atoms one would expect the 
potential barrier to be very slight in CH3 — ^C=C — CH3 because of the much larger distance of the 
two CH3 groups from each other. Specific heat and entropy determinations [[Crawford and Rice 
(246), Osborne, Garner, and Yost (678), Kistiakowsky and Rice (513)]] do indeed point strongly 
to free rotation. 

If there is free rotation, the symmetry of the molecule is D3 in a general position of the two CHa 
groups (see Fig. 2J). However, since in this event an internal rotation by an arbitrary angle does 
not change the potential energy, the symmetry types of the normal vibrations are the same as for 
a special position of the CH3 groups, for example those corresponding to D3/1, as has been shown in 
more detail by Howard (460) , who called this symmetry Da/^. For instance, whereas for a molecule 
of symmetry D3 (without free rotation) there is only one species of degenerate vibrations (see Table 
15), in the present case there are two just as for D^h (or Dsd). In one of them the atoms on the 
axis move symmetrically, in the other anti-symmetrically, with respect to the plane peri^endicular to 
the axis through the mid-point, even though this plane is not an element of symmetry of the molecule 
in its most general position. We can therefoi'e use the same nomenclature as for D3/1. Also the selec- 
tion rules are found to be the same as for Dzh Csoe Howard (460) ]] ; they are not as stringent as 
those for Dsd. 

Table 1 14 gives the designation and description of the normal modes of dimethyl acetylene for 
both Dzh and Dzd, the former including the case of free rotation. The torsional oscillation for the 

It must be mentioned that there is a serious discrepancy between this structure and the 
observed Raman spectrum in that the three strongest Raman lines are polarized whereas on the 
tetrahedral model there are only two totally symmetric vibrations. 
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Table 114. designation, chakacter, species, and activity of the normal 

VIBRATIONS OF CH3 C^O CH3. 



Ai' 

Ai" 

Ai" 

F' 

E" 

Description \ 

Alg 

Aiu 

A2u 

Eu 

Ea 

C— H stretching 


— 



CH 

C=C stretching 


— 

— 

— 


CHa deformation 

yjCH, 

— 


„CH3 

^10 

«CH3 

*^14 

CH3 rocking 

— 

— 

— 

Vll 

VlR 

C — C stretching 

a 

\ 

0 

— 

0 

1 

0 

00 

— 

— 

C— CsC— C bending 

— 

— 

— 

Pn 

*^16 

CHa twisting (torsion) 

— 

PR 

— 

— 

— 

Activity, Dzh and free rotation ' 

R. pol. 

inactive 

I - 11 

I. ±, R. depol. 

R. depoL 

Activity, Diui 

R. pol. 

inactive 

I - 11 

I. ± 

R. depol. 


case of free rotation has, of course, zero frequency- There is one more vibration of each species than 
there is for C 2 H 6 except of species Ai"(Aiu) which corresponds to the internal rotation or torsional 
oscillation. 

In Table 115 are given the observed infrared and Raman spectra of the CH3 — C=C — CHs 
molecule- Its interpretation is greatly facilitated by our knowledge of the spectra of ethane and of 
acetylene. Of the six observed polarized Raman lines only four can be fundamentals. Two can 
indeed easily be explained as first overtones (see Table 115) which occur strongly because of Fermi 
resonance. The remaining four have a plausible magnitude for vu and The strong infrared 

band at 2975 cm”^ is obviously the superposition of the two infrared-active C — H stretching vibra- 
tions and Because of the small interaction between the two CHs groups one would 

expect the two CH3 deformation vibrations and (whose only difference is that in one 

the two CHa groups vibrate in phase, in the other in opposite phase) to have very nearly the same 
frequency. Similar conclusions hold for rio(cO and pi 4(0 as well as for Pii(eO and PisCe'O- With 
these considerations in mind, the identification of the C — H stretching and bending vibrations is 
easily made as given in Table 115. Because of the larger interaction between the C — C bonds the 
pairs and vi% via would be expected to have a considerably larger separation. The assignment 
given seems plausible, although that for rn and P 12 does not appear to be unique. 

By using the force constants of the CH 3 groups as determined from C 2 HC, and by using five of 
the fundamentals to determine the remaining force constants of a valence-type potential (with certain 
interactions), Crawford (235) has calculated the other frequencies and found very satisfactory agree- 
ment with the observed frequencies Csee also Crawford and Brinkley (240)]. In particular, nearly 
the same frequencies are found for each of the two members of the pairs mentioned above. This 
agreement is good evidence that the assumed model is correct- However it does not provide an 
answer to the question whether or not there is free rotation of the CH 3 groups (see above). It 
is interesting to note that the force constant for the C — C bond in CH 3 — C=C — CH 3 , just as in 
Ql-Ig — C=C — H, is appreciably higher than in C 2 lifl. This corresponds to the fact that the inter- 
nuclear distance is smaller (see Chapter IV). 

The remaining infrared and Raman bands have been assigned by Crawford (235) as combination 
and overtone bands, as indicated in Table 115- 

Azomethane, (CH 3 ) 2 N 2 - Because of the similarity of the electronic structure of N 2 and CO, 
one might expect azomethane to have a Y structure similar to that of acetone (CH 3 ) 2 CO. However, 
the absence of a dipole moment [^West and Killingsworth (921)] definitely excludes this possibility. 
Instead, one has to assume that the two CH;i groups are symmetrically placed on either end of the 
N 2 group. This is confirmed by the Raman and infrared sxiectra, since there are only two (probably 
chance) coincidences of infrared and Raman bands, whereas many more would be expected for a Y 
structure. Two possibilities remain: The linear structure CH3 — N— N — CH3 or the bent trans 

.CHa 

structure N=hr . Valence theory and electron diffraction data [^Boerseh (158)] favor 

HsG^ 
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the second structure but the question cannot yet bo regarded as settled- In eitlnn' case one would 
expect free rotation of the CHs groups about the N — C axes. In the first model we have exactly 
the same symmetry as for CHa — C=C — CHs, that is, the same species and the same number of 
fundamentals of each species. In the second model in the general position of the CHa groups there 


Table 116. bamakt and infrared spectra op CHa — C^C — CHa after 

OLOCKLER AND DAVIS (368)®“ AND CRAWFORD (235). 


Assignment 


Raman®®® 

(liquid) 

Avvacuum (cm ^) 


Infrared 

(gas) 

^vacuum 

(cm“^) 


Assignment 


Raman^^® 

(liquid) 

Ax'vacuum (cin“^) 


Infrared 

(gas) 

^vacuum 

(cm~^) 


rie— F 12 ? 

Pi2(e') 
Fi—ne? 
PieCe") 
2fi2(Ai', bo 

—Vl2 ? 

Pia-hvieC-^z'O 

i'll —Fie. 

P4+J'12— Via 

P4^-^(ai0 

2pis(Ai'+JS0 

? 

Pll —P12(B0 
vi2~i~Pis — Pie 
? 

PisCe'O 

Pn(eO 

P8^~^(a2'0 

P12+P1s(A2'0 E") 
Vl2 +3^16 ? 

J'11+F16(A2") 

yOU,(e'0 

pf^K^O 


144 (w.)2«^ 

213 (w.) 

351, (w.)®®* 

374 (v.s.) depol.®^® 
400 (v.w.) 

608 (v.w.)®®'f 


^687 (m.) 

! 697,4 (s.) pol. 

1 773.6 (s.) pol. 
788.5 (m.) 

834 (v.w.)®®^ 

971 (w.)®®® 

1029 (m.) depol. 


1243 (v.w.) 

1379 (v.s.) pol.®®» 


1447 (a.) depol. 


i 


507 w. 

668 (s.)®6® 

671 (v.w.) 


835 (w.) 
877 (w.) 


1050 (m.) 
1126 (w.) 
1240 (m.) 
1340 (w.) 

1380 (m.) 
1425 (w.) 

1468 (s.) 


Vl2 +>'14(A2^0 

P7 ~\-vie(E0 

Pi +F8(A2'0 
P7 +P12 -{~Pie(E0 
Vz +»'12+»'16(A2'0 
2pie(E0, 

I'll +*'16(^2") 

PS -\-Pie(E0 
2p 8 / (C^® isotope ) 
Pal bands) / 
2p8(^i0 
P2^'“®(ai0 
P3 +Ps(A2") 

2ps(Ai0, 2p7(Ai') 

P6 — P12, P9— Pl2 
2fi4(Ai', EO 
■ Pi®’®(aiO 

pfa^C^'O 

P0^®^(a2'O,P9®**(e') 
P2+Pi(AiO 
P2 4-P8(A2'0 
3P7(A2") 

Pe +Pi4(-E0t 
P9 ~I“P14(A2^07 
Pg +pio(jE?0 

2po(EO ? 



2201.4 (w.) 
2280.2 (w.) 

2234.6 (v.s.) pol. 

2312.7 (v.s.) pol. 

2736.8 (m.) 

2861.8 (s.) 

2920 (v.s.) pol. 
2961 (s.) 

2996 (v.w.)®®« 


1664? 
1763 (w.) 
1841 (m.) 

1919 (w.) 

2065 (s.) 
2139 (w.) 


2500 (s.) 


2785 (w.) 


2975 (v.s.) 

3450 (w.) 
4140 (w.) 

4425 (m.) 

6100 (w.) 


is no element of symmetry. However, for special positions of the CHa groups there is a center of 
symmetry (Ci) or a plane of symmetry (C«) or both (C 2 A). The latter symmetry also applies to 
the C — N=N — C group. If the potential energy does not depend on the angle of rotation of the 
CHa groups, the normal vibrations will fall into species exactly analogous to those of point group Cth- 
These are uniquely related to those of Dza and therefore also Dsh, in the following way (see p. 237) : 


Dah' 

Ai', 

Ai", 

A 2 '. 

A 2 ", 

E', 

E"; 

Dad'- 


A. 1 74 j 

.4.217, 

A 2 U 1 

Eu, 

Eg', 

Cah- 


A ti f 

Ba, 

Bu, 

Au + Bit, 

Ag + R, 


®®® As corrected by Glockler and Renfrew (381). 

®®® Most of the frequencies are from Glockler and Davis (368), the polarization data from 
Crawford (235). 

®®’' These lines are reported only by Kohlrausch, Pongi-atz, and Seka (526) . 

®®® These lines are reported only by Gredy (400). 

®®® These lines are accompanied by sequences (see p- 267) , as can be seen on Glockler and Davis' 
spectrogram. However, these authors do not give the frequencies of the accompanying bands. 

®®® This band has two maxima with a separation of 14 cm~^, probably corresponding to a P and 
an 22 branch. 
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Because of this relation we may use the same designation of the fundamentals for the two models, 
namely that given in Table 114 for dimethyl acetylene. Of course, for every degenerate vibration 
of the linear model there are two non-^degenerate ones of the bent model. The activities of the 
vibrations for the models D^h and Dzd are given in Table 114. For the C^h structure, Ag and Bg 
would be Raman active (the former polarized) and Au and Bu would be infrai’ed active. For free 
rotation all transitions would be allowed. 

Unfortunately, the Raman and infrared spectra of azomethane are not nearly as completely 
known as those of dimethyl acetylene. A tentative assignment is given in Table 116. It is sig- 

Table 116, kaman and ineraked spectra op azomethane after 
WEST AND KILLINaSWORTH (921). 

Raman 
(liquid, —60°) 

vacuum 
(cm~^) 


2733 (w.) 

2854 (w.) 

2914 (v.s.) pol. 

2985 (s.) depol. 


nificant that the C — H stretching, OH a deformation, and rocking vibrations can be assigned satis- 
factorily to frequencies that are nearly the same as those in GHa — — CHa. While one would 
not expect the degenerate C — H or CHa frequencies of the linear model to split appreciably in the 
non-linear model, the two C — N=N — C bending frequencies should split very considerably. Bend- 
ing in the C — N=N — C plane should be opposed by a greater restoring force than bending perpen- 
dicular to the plane. It would indeed be difhcult to interpret the four observed infrared and Raman 
bands below 800 cm""^ by means of only two bonding frequencies, whereas with the assumption of 
four such frequencies a very reasonable assignment is possible, as shown.^®^ This is a fairly strong 
argument in favor of the bent model. The four bending frequencies are, according to this assignment, 

Pi2(<^w) == 134^ = 274, Pi2(5w) = 426, «= 696 

Further investigation of azomethane would bo very desirable in order to settle this point definitely. 

Other ten-atomic molecules. Table 117 gives references to work on the Raman and infrared 
spectra of further ten-atomic molecules. While the structures given are i>robably correct, the 
spectroscopic data in almost all cases are not suffhdeiit to establish them unambiguously* 

(i) Eleven-atomic molecules 

The number of eleven-atomic molecules for which both infrared and Raman data are available 
is very limited. We consider only the j^ropane molecule. 

Propane, CHa~CH 2 — CH-j, From the fact that there is no free x'otation in ethane one would 
conclude that there is also none in propane. Thoi^efore one would exiDcot proi>ane to belong to point 

It must be realized that the infrared spectrum has not been observed below 600 cm""^. There- 
fore Pi 2 (ciu) and vizibu) have not been directly observed, but only their combinations with viq. 


Infrared 
(gas, -b20°) 
^'vacuum 
(cm-i) 

1922 (w,) 
2189 (m,) 
2391 (m.) 
2596 (m,) 


3030 (v.s.) 

4360 (m.) 
5650 (w.) 


Assignment 


vu(ag) 

VViibu) +Vlli(bg) 

VVz(.au) +»'l6(a£;) 

vi&(a„+bg), 1 

I'll (<*«+?>«) / 

2Ci'i6(ao)I](A„) 

vf^(o,a+bg), 1 

Vlo(0,u+bu) J 


Raman 
(liquid, -60°) 

^J'vacuuni 

(cm“^) 

548 (w.) 

596 (s.) pol. 


922 (m.) 

1023 (w.) 

1182 (m.) 

1376 (s.) 

1442 (v.s.) pol. 

1576 (m.) 


Infrared 
(gas, +20°) 

^’vacuum 

(cm~^) 


700 (w.) 
730 (w.) 

1013 (s.) 
1110 (a.) 

1430 (v.s.) 


Assignment 


J'4+J'u(Au+R«) 
yg +>'i5(A„ -j-jBu) 
ys-hyiiCAu+Bu) 

*'8+»'14(Am+jBu) 

2p7^^WAg) I 

2y?o^HAg). ] 

2^fH3(A„) \ 

»'i®“(aff) J 

vo^^^Ca^+^u) / 
I'l+I'io, »' 6 +V» 
vi+MBu) V 
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Table 117. fukther tek-atomic molecules. 


Molecule 

Structure 

Kefereixces 


Raman spectrum 

Infrared spectrum 

(CH 3 ) 2 C 0 

C 2 v 

(14) (300) (774) (480) (219) 

(232) (707) (774) 

G 4 H 6 (butadiene) 

C2h or 

(255) (174) 

(122) (346) (724b) 

C4H4NH (pyrrole) 

C2v planar 

(14) (894) (159) (160) (736) 
(588) 

(976) (601) (588) 

C2H6NH2 

CsT 

(14) (10) (907) 


C2H5NO2 

Cs 

(948a) 


C2H5COH 

C? 

(520) 

(493) 

C2H6COCI, C2H6COBr 

c? 

(523) (524) 


C2H6NCO 

CA 

(537) 


C2HfiSCN, C2H5NCS 

CJ 

(252) 


C 2 H 4 ( 0 H )2 

C2«? 

(14) (10) 

(67) 

C 2 H 4 (CN )2 

Civ'i" 

(534) 


C 2 H 4 ( 0 H)(CN) 

c. 

(534) 

(845) 

C 2 H 4 ( 0 H)CSH) 



(845) 

C3H5CN (cyclopropyl- 

C2d? 

(738) 


cyanide) 




(CH3)2NH 

c. 

(518) (298) 


H2C=CH— CH2OH 


(14) (10) 

(67) 

C+(NH 2 ) 3 , C+(ND 2)3 
ClsC— C( 0 H )2 

1 

C3A? 

(679) (495) 

i 

(269) 

1 

H 




C2H8C=CH 

Cs 

(218b) 


G2H6C=CBr, C2 HsC^CI 

Cs 

(649b) 


CH 2 =C(CH 3 )(CN ),1 


(737) 


CNCH=CHCH 3 / 




Table 118. designation, character, species and activity of the 

NORMAL VIBRATIONS OF PROPANE CjHs. 


Description 

Ax 

A .2 

Bx 

Bi 

CH2 stretching 

PiC«^(ai) 




CH3 non-symm. stretching 

P2'^“(ai) 


v^l\hx) 

*' 23 **( 62 ) 

CHs symm. stretching 

P3C“(ai) 


i 

CH2 deformation 

P 4 C«Kai) 



CHs non-symm. deformation 


r?«^(a2) 

pf« 3(60 


CH3 symm. deformation 



P^f*( 63 ) 


CH2 rocking 



*'19(61) 

*'21.(62) 

CHs rocking 

v^{a.{) 

»'12(«2) 

P2o(6i) 

*'29(62) 

C— C stretching 



*'^'“‘^’(61) 

C — C — C bending 





CH2 twisting 


*'13(^2) 



CHs twisting 


*'14(02) 


*'27(62) 

Activity 

R. pol. I. 

R. depoL 

R. depol. I. 

R. depol. I. 
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forming an isosceles triangle, one H atom of each of the CHs groups 

respect to this plane The availaWe f ^ atoms being arranged in pairs symmetrical with 
Rather we shall LernreT +Ll ^ . spectroscopic data are not sufficient to prove this structure, 
snail interpret these data on the assumption that the symmetry is Ca.. 

Table 119 . ramakt and infrared spectra op CaHg (propane). 


Assignment^®!" 


FuCoa) ? 
Fa^^CaO 
»'2o— PmCBa] 
F26(&2) 


V& 


C-C 




.c- 


21 


(«l) 


P20(&l) 

FrCffli), FiaChi) 
P2 b( 62) 
vn(.a‘i) 
rao+PuCBa) 

v*'{^\bx) 


..O] 


}Hhx) 


17 


Raman 


Ap. 


vacuum 

(cm~!) 

(liquid) 


262 


Infrared 

*'vacuuni®®® 

(cm~!) 

(gas) 


(333)2«^ 


37S (w.) 


867 (s.) 
(940)2«« 

1054 (m.) 
1152 (w.) 

1278 (w.) 


1451 (s.) 


720 (m.) Q 
748(s.)<} 
864 (w.) Q 
870 (w.) 
922 (m.) Q 
925 (m.) Q 
1053 (m.) Q 
1152 (m.) 
1179 (m.) Q 

1338 (m.) Q 
1370 (m.) 
1375 (s.) 

[ 1465 (8.) Q 
i 1468 (s.) 
il470(v.s.)Q 


Assignment 


FS +»'2i(Bi) 

. P20+»'2i(Ai) 

**6 +»'18(Bi) 
2vi8(Ai) 

P6 +P24(B2) 
2r6(Ai) 

F3‘^^(ai) ? 

2|^6 * • • 
F2CH(ai) 


10 (“2) 


^CH 

^22 


(b2) 


Raman 


A*/, 


vacuum 

(cm"!) 

(liquid) 


262 


2725 (m.) 
2761 (v.w.) 
2872 (v.w.) 

2903 (s.)28« 
2920 (s.)2«0 
2946 (s.) 
2967 (m.) 


Infrared 

Fvacuum^®* 

(cm“!) 

(gas) 


1730 (w.) 
1936 (w.) 
(2640) 


2885 (m.) Q 


2960 (m.) 

2968 (s.) Q 
2980 (m.) 
3190 (w.) 
3350 (v.w.) 


The number 


rer. species and activity of the fundamentals of CsHn on the assumption of the C2. 
structure is, iicciording to Tables 34 and 55: 


9Ai(I., R. pol.), 5A2(R. depol.), 7Bi(I., R. depol.), 6B2(I., R. depol.). 

The vibrations will bo similar to those of (CHalaO (see Table 110) except that the O atom is replaced 
by a t dla group, and therefore wo expect in addition to the stretching, deformation, rocking bending 
and twisting oscillations of the CHa groups also those of the CHa group while the vibrations of the 


Note added in proof: In a very recent paper Pitzer (696a) has reviewed the assignments for 
propane. Ihe mam differences of his assignment from that of Table 119 are: (1) that he considers 
the doubtful Raman lino 940 cm ^ as ^12(02) and as distinct from the infrared band 922 cm~‘ while 
he uses 1278 cra“» [which is fi 2(«2) in the table] as ^,3(02) for which the above table does not give 
an assignment, (2) that ho considers the infrared band 1338 cm”! as a fundamental, namely viMx) 
and (3) that ho considers the infrared band 720 cm-i as - pxa and therefore obtains vu = 202 
cm while he derivee from thermodynamic data = 283 

^ Average of the data of Kohlrausch and Ivoppl (521) and Bhagavantam (145) 

203 Wave numbers given by Wu and Barker (965), except for the bands 1730, 3190, and 3350 
cm given by Bartholom6 (119). For the last two bands, as well as for the band 2640 cm~2, Wu 
and Barker only give contours but do not list the wave numbers. Q means that a sharp central 
maximum is observed. 

From the difference band 720 cm~!. 

200 This Raman band has been given as a strong one by Daure (265) only, whereas Bhagavantam 
and Kohlrausch and Koppl, who find more lines otherwise, do not report it. It is probably due to 
aa iaipurity. 

200 These two linos were measured as one at 2914 cm"! by Kohlrausch and Koppl (521). 
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C— 0_C chain replace those of the C— O— C chain. Table 118 gives the resulting dosi#snatioua 
and descriptions of the various vibrations. It should be realized, however, that for a with 

so many atoms the division of the vibrations of each species indicated in this table may l>® *** very 
poor approximation. In particular, vibrations of the same species that are expected to have a 
similar magnitude, such as and 3 ^ 8 (<^i) (corresponding to CHs rocking and C C 

may be considerably mixed j that is, for example, vi is actually a combination of a CH 3 rocki^K and 
3 ^ Q — Q stretching motion, and is a different combination of the same motions. 

Table 119 gives the observed E,aman and infrared spectra up to 3400 Further infrared 

bands at higher frequencies are given by Bartholom^ (119) and Wu and Barker (965) B-xxcl two 
photographic infrared bands by Ganswein and Mecke (346). The eight C H stretching 'vib^'^'fcions 
are expected in the frequency range 2700-“3100 cm""^, the CH 3 and CII 2 rocking vibrations in the 
range 1200-900 cm”^, the two C — C stretching vibrations near 900 cm"^, and the C — C — C bending 
vibration and the twisting vibrations below 500 A further guide in the assignment n^ay bo 

found in the rule (to which numerous exceptions occur) that the totally symmetric vibmtioixs (Ai) 
give the strongest Raman lines, and the consideration that a sharp central maximum in a.xx (unre- 
solved) infrared band (indicated by Q in Table 119) indicates that the dipole moment is perponclicular 
to the axis of smallest moment of inertia (see Chapter IV, section 4), which in the present ciaso means 
that the dipole moment has species Bx ov The assignment given in Table 119 takes ii*ll these 
considerations into account. It is essentially that of Wu and Barker (966). In view of trbe lack 
of polarization data for the Raman spectrum and the large number of fundamentals of each species, 
the assignment can only be considered as tentative. 

Other eleven-atoinic molecules. References to work about other eleven-atomic moloctilos are 
given in Table 120. 


Table 120 . fukther eleven-atomic molecules. 


Molecule 

Structure 

Refei'ences 

Raman spectrum 

Infrared Bpe<^trum 

C5H5N (p3Tidine) 

planar 

(14) (10) (44) 
(141) (428) 
(515a) (430a) 

(224) (567a) (880a) 
(516a) 

C5H6 (cyclopen tadiene) 

Co,,, planar 

(735) (736) 


HaC • HC=CH • COH (crotonaldehyde) 

c,? 

(524) 


C2H5COOH 

no- symmetry 

(14) (10) 

(429) 

HCOOC2H5 

? 

(14) (10) 


CHa— COOCH3 

? 

(14) ( 10 ) 


C4H6O (cyclobutanone) 

C2,/? 

(529) 


CH3CH2CH2CI, Br, I 
CHsCBroCHs, CH3CI2CH3 and other 
halo-propanea 

OH-CH2-CH2-NH2 (ethanol amine) 

? 

(14) (632) 

(14) (483) 

(84.5) 

HOOC — CH2 — COOBL (malonic acid) 
C2H6NO3 


(14) 

( 948 b) 

(322ii> 


(/) Twelve-atomic molecules 

For twelve-atomic molecules higher symmetries are possible than for ten- and eleven- a^tomic 
molecules. In such cases fewer fundamentals occur, and since there are more different sy'xnmetry 
types the vibrations are better determined by symmetry alone. The beat example is the l:>en 55 enG 
(GeHe) molecule which will be the only one to be considered hero in detail. 

Benzene, CeHe and CeDe- The question of the structure of benzene is one that has occupied 
chemists for many decades. K 6 kul 6 's model explains most of the chemical evidence. On this 
model CeHs would belong to the point group Dsa. However, modern valence theories stifO^gOBt a 



Ill, 3 


INDIVIDUAL MOLECULES 


363 


still more symmetrical model in. vhich all C — C bonds are equivalent and consequently there is a 
six-fold axis of symmetry. Assuming the H atoms to be in the plane of the C atoms and in their 
most symmetrical position the point gi'oup of this model is D^n (see Fig. li). Other models that have 
been considered at one time or another are the puckered ring of symmetry Du and the model in which 
the H atoms are in a plane different from that of the C atoms, that is, in which the point group is Cu- 
SiiKie the point group Aa has all the symmetry elements of Dz%, Du, and Cu, we can obtain 
the normal vibrations for these lower symmetries from those of the model (see Table 53). Ac- 
cording to Table 23 there are twelve different species for Aa- The numbers of vibrations of each 
species are for C6H6(C6D6) : 

■^Aiy, Oxi-iuj lA-ju, 2J3iu, Sfisu, XEig, SEtu, 2E‘zu’ 


TaBLK 121. UKSIGNATION,®** DE8CRIl>TION, SPECIES, AND ACTIVITY OP THE 
NOitMAD VIBRATIONS Oli* BENZENE (CgHfi). 


Description-^^^ 

Du 

Aig (R. pol.) 

AuC-) 

Atiud.) 

Biu(-) 

Bui-) 

C — H str'etchirig 


— 



nCH ^133 



C — G stretching 

[1] 



— 


— 

C— H 1 1 bending 

— 

1', pi] 

— ; 

— 

— 

C — H X bending 

— 

— 

[11] 

— 

[*51 

C— C — ( ' jt bending 

— 

— 

! 

*'6^'", [12] 

. — 

C— -C— ( i X bending 

“ — 

— 


— 

[4] 

Du 

Ai' (R. pol.) 

A^'( ~) 

A/'(I.) 

Ai'(R.pol.) 

A./'d-) 

Diui 

Ally (R. pol.) 

Au(-) 

Aud-) 

A~zAl.) 

Aig (R. pol.) 

^(5 

a 1, (R. pol., I.) 

AA-) 

All (R. pol., I.) 

BA-) 

Bli-) 


T.aude 121 . — CofUmuod. 


J)escrii>tioir^‘* 


Bui-) 

Eig (R. dep.) 

EuAl.) 

Ay (R. dep.) 

Eui *“) 

C— H stretching 

G— -C stretching 

C“H II bending 
— H J_ bending 
C~G~G li bending 
('~G— G X bonding 

[w] 

CIS] 

[Hi] 



[18] 

Ky. C7] 

-ff . C8] 
^r,". [9] 

[<0 

D7] 

[18] 

Du 

A 

B" (R. dep.) 

E' (R. dei). I.) 

E' (R. dep., I.) 

E" (R. dep.) 

Du 

vliA-) 

Eg ( R. del).) 

Euil.) 

Eg (R. dep.) 

X’»(I.) 

C{]n 

A(-) 

El (R. dep., 1.) 

El (R. dep., I.) 

A (R. dep.) 

A (R. dep.) 


Here we assume that the C-, axis (not the C‘/ axis) goes through a C — H group (see Table 23). 
The numbering is in accordance with our usual iiractico (see p. 272). , However for the con- 
venience of the render the numboriiig used by Wilson (930) and adoi)ted by several others has been 
added in square lirackets. 

( — ) means inactive both in tlie Hainan an<l infrared spectrum. 

II and X refer to the piano of the inolciculo. 
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There are only twenty fundamentals, ten non-degenerate and ten doubly degenerate. In order to 
obtain a rough idea of the frequencies and forms of these oscillations we may again distinguish C — H 
and C— -C stretching and bending vibrations. The bending may occur in the plane or perpendicular 
to the plane of the molecule. In this way we obtain the characterization of the fundamental vibra- 
tions given in Table 121. A graphical representation is given in the previous Fig. 50. It should 
be remembered that the diagrams give the exact normal modes only for those species for which there 


Table 122. baman sbectbttm: op liquid CeHs and CeDe aftbb 

ANGUS, INGOLD, AND LECKIE (56). 



CeHs 

CeDo 

Assignment^’^^ 

Aj'vacuum^^^ 

Intensity^^ 

Polar- 

Aj'vacuum^^ 

Intensity^^ 

Polar- 


(cm“^) 

izatioxx 

(cm~^) 

ization 

Cl'^o'^(C2«)I] 

404 

w. 

? 

337 

w. 

? 


605.6 

2.1 

depol. 

576.7 

1.2 

depol. 

685 

w. 






848.9 

0.9 

depol. 

661.2 

1.4 

depol. 

r2(C5“C“H6) 

984 

0.6”® 


939 . 527 ® 

1.0 



991.6 

10.0”®“ 

si poL 

944.7 

10.0 

s. poL 

>'2+ri8— ns 

999 

W. 

? 





1030 

w. 





*'l7 ' ' 

1178.0 

2.2 

depol. 

867.2 

2.3 

depol. 

^y2o(Eig) 

1404 

w. 






1478 

w. 


1327 

w. 



1584.8 

1.9 

depol. 

1558.6 

2.0 

depol. 


1606.4 

1.6 

depol. 




2vii(Aig^ E^g) 

1693 

w. 


1327 

w. 



2293 

w. 





2vz{Axg) 

2454 

w. 


1931 

w. 


VlZ’\^yu{Alg, E^g) 

2543 

w. , 


2145 



VlV^-\-Vlz{E*lg) 

2618 

w. 





V^’\-Via{E2q) ? 

2925 ! 

w. 





^Pu(Alg, E^g) 

2948 

w. 






3046.8 

4.8 

depol. 

2263.9 

6.1 

depol. 


3061.92” 

10.6 

pol- 

2292.3 

10.6 

poL 





2461 

w. 


2vi6{Alg, E‘Xg) 1 

3164 

w. 


3110 

w. 


2 »' 2 + 2 >' 18 (Alfl, E-ig)) 

3187 

w. 

pol. 




? 




2739 

w. 



Assignments corresponding to forbidden transitions assumed to take place because of inter- 
molecular forces in the liquid are put in square brackets. 

These are averages of the values of various investigators as given by Angus, Ingold, and Lcckio 
(56). A number of further very weak Raman bands have been observed by Grassmann and Weiler 
(399) and Ananthakrishnan (44) , [^see also Angus, Ingold, and Leckie (56) 

For the stronger lines the integrated intensities as measured by Angus, Ingold, and Leckie (56) 
are given. 

A number of further weak bands corresponding to the very weak CeHe bands not given are 
omitted. 

This datum is from Cheng, Hsueh, and Wu (203). 

276a Paulsen (GSSa) gives 26.8 as the intensity of this line. , 

From Langseth and Lord (552). 

Observed in the vapor at 3069 cm”^ by Bhagavantam and Rao (152). 
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t» tlM 1»« wnBnetrical model, a. weU 
as the activities in all cases. ° wcu 

samJ?nrT^' and degeneracy as well as the approximate frequency of the fundamentals is the 
same for all four models. In order to decide which model is correct one has to see with which of 
the four sets of selection rules the Raman and infrared spectra agree. Since the selection rules for 

Table 123. infrabed spectrum of CeH# and CeDa vapor after bailey, 

HALE, INGOLD, AND THOMPSON (90). 


Assignment^"^^ 

C«H« 

CeDe 


Intensity 

Type^®® 

^vacuum 

(cm~i) 

Intensity 

Type288 

Pie-PisCJffiu] 

87281 

v.w. 





r2+ri8-Pi3[JSi„] 

117281 

v.w. 





nr— pu[jE?i„] 

140281 

v.w. 





m— nC-Biu] 

168281 

v,w. 





»’J*'‘'(a2a) 

671 

s. 

PQR 

503 

s. 

PQR 

Fir— P 2 oL^ 2 «J 

793 

v.w. 

PR 



? 

? 

F7— F2oC.ffl»] 

962 

1037 

v.w. 

s. 

PQR 

826 

813 

v.w, 

S- 

PQR 

1143 

v.w. 


926 

v.w. 


? 

nx+P2oL^iuJ[ 

1240 

v.w. 


1009 


PR 

? 

1377 

w. 





1'17 4-^'2o(A2m) 




1212 

v.w. 



1485 

8, 

PQR 

1333 

m. 

PQR 


(1529) 



1154 

w. 

PQR 


1617 

w. 


1385 

v.w. 

1^2 + 1^4 (A 2 u) 

(1669) 



1450 

m. 


l'18+3^1fl(A2w) 

? 

1807 

m. 


1616 

m. 





1630 

v.w. 


1^11+1^14(^2^) 

' 1906 

v.w. 




Pn+Pn(Ihu) 

1964 

m. 


1692 

w. 


Pio+PirUhu) 

2288 

w. 




P9-hPl7iElu) 

2856 

v.w. 





Pu+Pu(Eiu) 1 

3045282 

8. 

PQR 




P2 +1^16 +?'l8(i?lu) > 

3073282 

W. 




F^'2’“(eiu) J 

3099282 

8. 

PQR 

2293 

s. 


Vi +vn(Eiu) 




4544 

w. 



™ For the difference bands the species given (in the square bracket) is that of the dipole moment 
of the transition, not of the upper state; for all other bands it is the species of the dipole moment as 
well as that of the upper state (see p. 267). 

Values in parentheses have been observed in liquid OoHo only. 

280 bands have been resolved into two or three maxima, apparently representing the maxima 
of rotational branches. This is indicated by PR and PQR. The frequency given refers in these 
cases to the central maximum or the mean frequency of the two branches. 

281 Prom Barnes, Benedict, and Lewis (116). The gap between this group and the other bands 
18 probably not real but due to lack of observations. 

282 ihese three bands are from Leberknight (561), who apparently used higher dispersion, the 
weak band at 3073 cm->- being taken from his absorption curve since he does not give it in his table 
for the vapor. ’The same throe bands with different relative intensities and without the P and R 
maxima occur also in the liquid and solid [see Leberknight (501)] as well as in solution in CCIL 
[see Fox and Martin (328)]. 
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the Dih model are the moat atriiigeiit []a vibration that is liamaii (iufratod) aotivo for Dtsh is also 
active for the other models; some vibrations that are inactive for become active for these other 
models 3, it is best to start out by trying to fit the observed spectrum to the De;, model and then see 
whether contradictions to the selection rules occur that can be explained by assuming a lower 
symmetry. 

The Raman and infrared spectra of CoHs have been investigated by a large number of investiga- 
tors Qor the former see Kohlrausch (14), Hibben (10)3. Probably the most complete data are due 
to Ingold and his co-workers who have also investigated the spectrum of CsDo. Their results are 
given in Tables 122 and 123. 

Since the plane regular hexagon model of CsHe (De;.) has a center of symmetry, the rule of mutual 
exclusion should hold for the Raman and infrared spectra. The fact that a number of coincidences 
actually occur (compare Tables 122 and 123) was at one time taken as evidence that the Da/t (as 
well as the Dza) model was incorrect.®®* However, the Raman data given refer to the liquid state, 
whereas the infrared data refer to the gaseous state. As we have seen in some of the previous ex- 
amples, the molecular fields in the liquid may bring about a slight breakdown of the selection rules. 
Indeed, Ingold and his co-workers found that if they compared the infrared spectrum of the liquid 
with its Raman spectrum the number of coincidences was greatly increased. By a detailed con- 
sideration of every individual coincidence they showed that there is no coincidence that is sufficiently 
significant tO rule out the Dzh model. In particular, in the only case of an apparent coincidence of 
a strong Raman line of the liquid with a strong infrared band of the vapor (3045 cm~i) , measurements 
of the infrared spectrum of the liquid yield 3032 cm~i [see Leberknight (661)3, which does not 
coincide with the Raman shift of the liquid.®®** 

The preceding considerations, of course, do not by any means prove the Dzh model. They show 
only that the observed coincidences may not be genuine and do not rule out the Dzh model. It 
will be remembered that the Dza model also requires the absence of such coincidences. We have 
now to see whether all the infrared and Raman bands can be understood on the Dzh model. 

The only two strong polarized Raman lines, 992 and 3062 cm~*-, correspond obviously to the only 
two totally symmetric vibrations and of Dzh. The corresponding frequencies for CeDs 

are 945 and 2292 cm“i. For any other model there are more totally symmetric vibrations and there- 
fore there should be further polarized Raman lines. (Of course, they might be some of the weak 
lines whose states of polarization have not been measured.) The five remaining non-totally sym- 
metric Raman-active fundamentals are readily identified with five of the six fairly strong depolarized 
Raman lines if it is assumed [Wilson (931)3 that the pair 1585-1606 cm-* is a resonance doublet of 
the fundamental fw 1596 cm”* and the combination r® H = 1597 cm”* (both have the 

same species Ezg). This assumption is confirmed by the fact that for CoDb only one line instead of 
the pair is observed, since here +■ rf ^ is considerably smaller than and no resonance occurs. 
The great difference between the frequencies of the two carbon stretching vibrations, v-x and ne, is 
due to the fact that in the former (the Ce “breathing” vibration) the C atoms do not move in the 
direction of the C — C bonds but toward or away from the center. A more detailed calculation gives 
indeed very nearly the observed frequency ratio. 

There are four infrared-active fundamentals for the Dzh model: va, vu, viz, na. These are readily 
identified with the five infrared bands of outstanding intensity 671, 1037, 1485, 3045, and 3099 cm~*, 
the last two forming a resonance doublet of the fundamental and the combination vf^fozg) 

+ vfp(ein), one of whose sublevels has the right species. Since viz itself forms a resonance doublet 
with V 2 + Vis (see above), we expect a third infi-ared band vz vis -H viz(Eiu) of comparable in- 
tensity which is observed at 3073 cm—*.®®* Only one band is observed in this region for CeD«, since 

®®» More coincidences are found if some of the very weak lines omitted in the tables are included 
in the comparison. 

It niay bo mentioned that Bailey, Halo, Ingold, and Thompson measured the two infrared 
bands of the vapor at 3045 and 3073 cm ^ as one band at 3060 cm which coincides closelv with the 
strongest Haman line 3062 cm'"i of the liquid. But the Raman spectrum of the vapor [Bhagavaixtam 
and Rao (152)] gives 3069 cm"”^ for this line. 

'Rumpf and IVIocko (751) consider the fact that three infrared bands are observed near* 3000 
cm when only one fundamental is expected iW. this region foi* the DQ,h model as ^‘unambiguous 
proof’' that the model is incorrect. They do not consider the possibility of Fermi resonance, 
which has been amply proven in many instances- In the present case the resonances assumed must 
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neithei' resonance occurs for it. This represents a strong argument in favor of the interpretation 
for CeH^. It is very satisfactory that the infrared frequencies have similar 

magnitudes to the Raman frequencies which have similar characters (see 

Table 121). 

It is very significant that none of the Raman frequencies vu, vn, vi%{e%g) of CeHe and CeDe 
have been observed in the infrared spectrum of the vapor, whereas for the Da/i model they would bo 
infrared active (see Table 121), Further strong evidence for the model (and at the same time 
for the correctness of the assignment of the active fundamentals) is supplied by the application of 
the Redlich-Teller product relations to the active CeHe and CcDq vibrations (see Chapter II, section 
6). It is found that for all five active species the observed product ratios agree within 1 or 2 per cent 
with the theoretical values Qsee Ingold and co-workers (55)]. A final argument in favor of the 


TaBLU 124. CALCtJLATlfiD INACTIVE FUNDAMENTAL FREQUENCIES OF CcHe 
AND CeDo AFTER LORD AND ANDREWS (587). 



C«H6 

GoDs 


CeHfl 

CfiDfi 

Designation 

^'ciiloulatcd 

rcalculatod 

Designation 

^'calculated 

^calculated 


1 

Ccm~^) 


(cm*^^) 

(cm“^) 


1190 

930 

vf^(jb2A 

1864 

1844 


3063 

2294 


1146 

816 


100S2S8 

96028* 


1160 

1070 


1520 

1480 


404 observed 

314 


538 

395 





DfiA model may be derived from a study of the Raman spectra of benzene derivatives [Kohlrausch 
(519)]. It is found that of the disubstitution products the 1, 4 substituted benzenes are decidedly 
loss rich in lines than the 1, 2 and 1, 3 benzenes, and that of the totrasubstituted products the 1, 2, 4, 5 
benzenes arc less I'ich in lines than the 1, 2» 3, 4, and the 1, 2, 3, 5 substituted benzenes. This is 
obviously because the 1, 4 and 1, 2, 4, 5 substituted ben^^enes are more symmetrical (point group Vu) 
than the others, and therefore a number of Raman lines are forbidden for them, whereas for the 
others all Raman linos are allowed. However, such a difference in symmetry is possible only if 
CeHo has the plane regular hexagonal structure?^ From all these arguments we may take the D^h 
model as proven. 

The observed R-iiman and infrai'od spectra give us directly only eleven of the twenty fundamentals 
of benzene. Because of the large numl;)er of inactive fundamentals it would be almost hopeless to 
determine them from observed combination bands. However, Wilson (930), on the assumption of 
a valence force system, him derived formulae for all the frequencies in terms of six force constants 
(corresponding to the six tyi^es of motion in Table 121. Kohlrausch (517a) (519) and Lord and 
Andrews (587), have determined five of these force constants from five of the observed fundamentals. 
The sixth constant (the O — C — CX bending constant) cannot bo determined immediately, since the 


necessarily occair if p 2 , pih, and pu have been identified correctly; there is no ad hoc assumption. 
Also Eumi^f and Mockc do not seem to realize that even on their proposed Diui model (H atoms 
alternately above and l>ek)W the Co plane) only two C — H stretching vibrations are infrared active 
(as is also the case for the D:ih and Coi. models; see Table 121) so that in any case at least one of the 
three observed l:>anda would luivo to be (considered as a binary combination strengthened by resonance. 
Finally, Rumpf and B(3cni i.o liave overlooked the facit that for OoDo only one band is observed 

in the region of the C — D stretching vibrations, a fact that lends strong support to the model. 

In cacdi ease the obscu’ved ratios of the products of the GfiDo frequencies of a given species to 
the products of the corresponding CoHa frequencies are larger than the theoretical ones, as may be 
expected bccauvse of the influence of anharmonicity (see p. 232). The intensity ratio of corresponding 
lin(iB of G(vH<; and CoDo is also in agrtHUuemi; with theoretic-al exp(Kd;ation, as has been shown by Loixi 
and Ti^lov (589). 

I'or the trisubstitution product, s the aymmotrical otk^ (1, 3, 5) is distinguished from the others 
also for the other benzene models (Da*, Ccv)* 

Ingold and co-woikers give 76(> and 730 cm“’‘*', respectively, for this vibration. 



368 VIBRATIONAL INFRARED AND RAMAN SPECTRA III, 3 

two C — C- — CX bending vibrations, I'g and P 20 , are both inactive. Lord and Andrews (587) have 
given various reasons for assigning the weak Raman line 404 cm~^ of liquid CeH® to one of these 
vibrations, namely partic\ilarly because it cannot be assigned as any allowed difference 

band. This assignment has been confirmed by the agreement obtained with it between the calcu- 
lated and observed heat capacity of solid CeHe at low temperatures QLord, Ahlberg, and Andrews 

(586) ], as well as by work on the electronic spectrum [^Sponer, Nordheim, Sklar, and Teller (800) 

It is then possible to determine the sixth potential constant and to predict all the other frequencies. 
Table 124 givds the values for the inactive frequencies thus obtained, according to Lord and Andrews 

(587) . From the agreement of calculated and observed values (not shown here) for those active 
frequencies that are not used for the determination of the force constants, it may be concluded that 
the inactive frequencies are correct within ±50 cm~^. 


Table 125. FURrcHEB twelve-atomic molecules. 




References 

Molecule 

Structure 

Raman 

spectrum 

Infrared 

specti'um 

BsNgHs 

D3k 

(244) 

(244) 

(PNCl2)3 


(323) 


CeHsF, Cl, Br, I 

C2« 

(14) (10) (519) 

(566) (101) 



(799) 

(496a) 

C 6 H 4 CI 2 , Bra, FCl, etc. 

Oiv or Vh 

(14) (519) 

(688a) (522a) 
(799) (673b) 

(568) 

CeHaCL, Bra, CbBr, etc. 

Dzh or C^v or Ca 

(14) (10) (519) 

(567) 

CsHaCh 

Vh or Civ 

(259) (648) 


CeHCls 

Civ 

(259) (648) 


CaCle 

Dzh 

(259) (648) 


C 4 H 8 (cyclobutane) 

Dih 

(945b) 

(945b) 

C2H4(NH2)2 

Civ ? 

(14) (10) 


(CH 3 C 0)2 (diacetyl) 

Ca. ? 

(417) (525) 


C 2 H 6 C 2 H 3 (butene 1) 

Cal 

(530) (173) 


cis, trans CH 3 C 2 H 2 CH 3 (butene 2) 

Civ and Czh 1 

(355) 

(355) 

CsHfiCOOH (cyclopropane carbonic acid) 

Ca 1 

(528) 


(CH 3 ) 2 C=N — OH acetoxime 

Civl 

(140) 


CH3(CH2)20H, (CH3)2CH-0H 

? 

(14) (261) (774) 

(67) (974a) 

CH3(CH2)2CN 


(14) 



Recently Pitzer and Scott (699) have tried to identify some of the weaker bands in the Raman 
and infrared spectra of liquid CeHe and CeDe with the inactive fundamentals. Many of the values 
adopted by them differ by more than 100 cm”^ from the calculated values in Table 124. Therefore, 
and since the same bands can also be interpreted as overtone and combination bands (see Table 122 
and 123), the question of the exact values of the inactive fundamentals cannot be considered as 
definitely settled. 

A tentative assignment of some of the other infrared and Raman bands as overtone and combina^ 
tion bands of the active and inactive fundamentals is indicated in Tables 122 and 123, essentially 
according to Ingold and co-workers. The calculated values of the inactive fundamentals vio, vi9, 
* V 3 , V7, and va are confirmed by these observed overtone and combination bands. Further infrared 
bands at shorter wave lengths have been given by Leberknight (561), Barnes and Brattain (117), 
Barchewitz (98), Battista (126), and in the photographic infrared by Rumpf and Mecke (751). 

The weak Raman line 984 cm~^ accompanying the strong line 991.6 cm“^ was first interpreted 
by Gerlach (353) as due to This has been confirmed by Cheng, Hsueh, and Wu (203) 

and Rao (719), who found the intensity of the satellite to be 6 per cent of that of the main line, as 
is to be expected for the isotope line. Langseth and Lord (552) found the corresponding line for 
CeDo and gave a satisfactory explanation of the fact that the observed isotope shift is in both cases 
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somewhat larger than the calculated: In the vibration has the same symmetry as 
(both are totally symmetric), and therefore presses V 2 do^ward, whereas in they have differ- 
ent symmetry and do not influence each other. Langseth and Lord have also given an explanation 
of several further very weak satellites of 992 cm'^ 

The partly deuterated benzenes have been investigated by Redlich and Stricks (731b) , Klit and 
Langseth (516), Langseth and Lord (653), and Ingold (467). As far as the data go at present they 
support the above interpretation of the CgHg, CgDg spectra. 

Other twelve-atomic molecules. The number of further twelve-atomic molecules whose infrared 
‘ and Raman spectra have been investigated is very large. Table 125 gives references for some of 
the more important ones. The molecule BjNgHg (triborine-triamine) is particularly interesting since 
it is isoelectronic with benzene, and seems to have a very similar structure. The spectrum has been 
analyzed fairly completely. For few of the other molecules are very complete data and analyses 
available. 

While we conclude our discussion of the vibration spectra of individual molecules with the twelve- 
atomic molecules it should be stressed that a very considerable amount of work has been done on 
more-than-twelve-atomic molecules. In many instances very interesting and definite conclusions 
about their structure have been derived even though frequently the situation is more complex than 
for the molecules treated here. 

As one particularly striking example of the help given by the study of vibration spectra in the 
analysis of molecular structure the recent investigations of cyclohexane, C 6 H 12 , may be mentioned 
[Kohlrausch and Wittek (533a), Rasmussen (724a)]. It appears to follow rather definitely both 
from the Raman and the infrared spectrum that cyclohexane has the “chair” form of point group 
Did (puckered Cg ring) rather than a planar (jDga) or“a “cradle” (C 2 «) form. This result confirms 
incidentally the greater stability of the staggered arrangement of the substituents about a C— C single 
bond indicated above for the di- and tetra-haloethanes (p. 351). 

There is no question that further study of vibration spectra will greatly increase our knowledge 
of molecular structure. 



CHAPTER IV 


INTERACTION OF ROTATION AND VIBRATION, 
ROTATION-VIBRATION SPECTRA 

Thus fair we have considered rotation and vibration as independent motions of 
the molecule. Naturally, rotation can take place simultaneously with vibration and, 
as for diatomic molecules, this gives rise to the fine structure of infrared and Raman 
vibration bands. The investigation of this fine structure, whenever it is well re- 
solved, leads to very accurate and reliable information about the structure of the 
particular molecules. From this fine structure can be determined moments of 
inertia, internu clear distances, and valence angles, in many cases with gi eater 
accuracy than by any other method. 

■1. Linear Molecules 

(a) Energy levels 

Elementary treatment. In a first rough approximation the energy of a linear 
molecule carrying out simultaneous rotation and vibration is simply the sum of 
the rotational and vibrational energy, as discussed in Chapters I and II: 

T — Gipij V2, • * •) + F(J) 

where G and F are given by the relations (II, 281) and (I, 1) respectively. Actually, 
as for diatomic molecules, the interaction of vibration and rotation manifests itself 
in that the rotational constant B = occurring in F{J) (see Chapter I, section 1) 

has a slightly different value for the different vibrational levels. This is because the 
moment of inertia I changes during a vibration in such a way that the average value 
of l/I is not exactly the same as its value in the equilibrium position. In first 
approximation one would expect a formula to hold similar to that for diatomic 
molecules, 

= Be — Oil(Vi + §) “ 0:2(?^2 + 2 ) “ ‘ ‘ } (IV, 1) 

where the ai are small compared to Be, which is the rotational constant for the 
equilibrium position, and where in higher approximation higher powers of (w; + I) 
would occur. 

Since the ai for the two components of a degenerate vibration are the same, the 
corresponding terms in (IV, 1) can be taken together and we can write 

Bw =B. + (IV, 2) 

where di is the degree of degeneracy of the vibration Vi {di = 1 for non-degenerate, 
di = 2 for doubly degenerate vibrations; see p. 82) and stands for all the vibra- 
tional quantum numbers. The summation in (IV, 2) extends over all vibrations 
(the degenerate ones counted only once). The constants ai are usually positive for 
the non-degenerate vibrations, as for diatomic molecules, but may be positive or 
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negative for the degenerate vibrations since the average moment of inertia does not 
necessarily increase during a perpendicular vibration. 

The interaction of vibration and rotation is also responsible for the introduction 
of the rotational constant D (see Chapter I, section 1), which represents the influence 
of centrifugal stretching. This influence, just as for diatomic molecules, will be slightly 
different for the different vibrational levels; that is, we have to use instead of D 
in (I, 1) and expect a formula similar to (IV, 2) to hold for Dv. However, since D 
itself is always only a very small correction term, its dependence on v can usually 
be neglected, at least in all practical cases known thus far. In fact, only in very 
few cases of linear polyatomic molecules has even the influence of D been established. 

According to the above, the rotational energy of a linear molecule in a non-degenerate 
vibrational state is given by 


!?'[„](/) = 4- 1) - + ly, (IV, 3) 

where in future we shall usually neglect the term D[v]<P(J + 1)2. 

If the molecule is in a degenerate vibrational state (H, A, • • - ) there is a vibrational 
angular momentum l(h/2ir)(l = 1, 2, - • - ) about the internuclear axis and, just as 
for diatomic molecules (see Molecular Spectra I, p. 122f.), the symmetric-top energy 
formulae have to be applied; that is, apart from an additive constant, 

+ 1) - - -»[«][/(/ + 1) - (IV, 4) 

where the second term is usually negligible, and where 5[«] is given by (IV, 2). 
The additive constant is usually taken into the term of the vibrational 

formula for this case. One may also take the term — B[.u]P in (IV, 4), which is 
constant for a given vibrational level, into the vibrational formula and may therefore 
use (IV, 3) instead of (IV, 4) also for the degenerate vibrational levels. However, 
it must be realized that for the degenerate vibrational levels (just as for diatomic 
molecules) J must be larger than or at least equal to I : 

/ = /,/ + 1, Z + 2, - - • ; (IV, 5) 

that is the levels J = 0, 1, • • •, i — 1 do not occur. 

According to the preceding discussion, the total energy of vibration and rotation of 
a linear molecule is tlvus given by 


T — G{vi, V2, ■ • •) + E 
d, 


(Vi ^ + 23 (^>i 4- ^ ^ ^ +53 gut? 


+ J?m/(/ + 1) - DmJ\J + 1)'. (IV, 6) 


For every vibrational state we have a set of rotational levels as in Fig. 4, p. 15, but 
with slightly different spacings in the different vibrational levels, and for degenerate 
levels with the first rotational levels (up to I — 1) missing. 

It should be emphasized that in consequence of (IV, 2) the B value of the lowest 
vibi’ational level J3[()] is different from Be, the B value for the equilibrium position. 
For an accurate determination of the equilibrium moment of inertia and the equi- 
librium internuclear distances, Be has to be used. Any moments of inertia or inter- 
nuclear distances determined from J?[o] are average values averaged in a certain way 
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over the various positions assumed by the nuclei during the zero-point vibrations. 
The internuclear distances determined from electron or X-ray diffraction are, of 
course, also averages for the vi = 0, V 2 = 0, • • • state. However, the difference 
between the tq and re values is always very small, much smaller than the limit of 
error of electron diffraction measurements. While in principle the difference can 
easily be detected spectroscopically, only in a very few cases are all data (that is 
all a values) known for a determination of Be from 5[o]. 

S3rmmetry properties of rotational levels. As we have seen in Chapter I, section 
1, the rotational levels of linear molecules are positive or negative depending on whether 
the total eigenfunction remains unchanged or changes sign for an inversion. In 
the lowest vibrational level (as in Chapter I) and in all totally symmetric excited 
vibrational levels (species S^') of the electronic ground state, the even rotational 
levels are positive, the odd negative (see Fig. 4). This holds assuming that the 
electronic ground state is also totally symmetric. In vibrational levels (just as 
’ for S~ electronic states of diatomic molecules), the even rotational levels are negative, 
the odd positive. In n. A, • • - vibrational levels (as for H, A, • • - electronic states 
of diatomic molecules), for each value of J there is a positive and a negative level 

of very slightly different energy (see below) whose order alternates thus: + — , 1-, 

-h “, • • • or h, H , — +, -•*. This is shown in Fig. 99a. 

In the case of linear molecules with a center of symmetry (point group 2)oo;i, for 
example CO 2 and C 2 H 2 ), the positive rotational levels are symmetric, the negative 
antisymmetric with respect to a simultaneous exchange of all pairs of identical nuclei 
for all vibrational levels that are symmetric with respect to an inversion (species 
Hg, Ajr, • ♦ •)» while the reverse is the case for all vibrational levels that are 
antisymmetric with respect to an inversion (species Su'*', n„, A^, • • •)• Fig. 99b 

gives a few examples. All these relations are the same as for the various electronic 
states of diatomic molecules and the proof is quite analogous to that given in Mo- 
lecular Spectra I (p. 260f.) if the electronic eigenfunctions considered there are re- 
placed by the vibrational eigenfunctions. For diatomic molecules the vibrational 
eigenfunctions are always totally symmetric; here the electronic eigenfunction is 
assumed to be totally symmetric. While the latter is practically always true for 
the electronic ground state, it is not generally the case for excited electronic states, 
for which, therefore, different rules apply. 

The ratio of the statistical weights of the symmetric and antisymmetric rotational 
levels is determined by the spins of the pairs of identical nuclei in the way discussed 
in Chapter I, section 1 (see Table 2, p. 18). As an important example it may be 
noted that, for Bose statistics of the identical nuclei, in a state the even and in 
a state the odd rotational levels have the greater statistical weiglit (and conversely 
for Fermi statistics). 

More detailed theory of the rotational constants a,-; Coriolis interaction. In the 

case of diatomic molecules the variation a of the rotational constant B witli the 
vibrational quantum numbers is, in a first approximation, due to two reasons (see 
Molecular Spectra I, p. 116) : (1) the fact that even for harmonic oscillations the mean 
value of 1/J (which is, apart from a constant, the mean B) is not equal to 1/I« al- 
though the mean value of r is and (2) the fact that in consequence of the an-, 
harmonicity of the vibrations (cubic and higher terms in the potential energy) the 



LINEAR MOLECULES 


373 


IV, 1 

mean. *value of r during a vibration is larger than These same influences act also 
in the (linear) polyatomic molecule. But there is in addition a third reason, the 
presence of the Coriolis interaction. 


J J J J 







2 

1 

0 








Fia. 99. Symmetry properties of the rotational levels in various species of vibrational levels 
of linear molecules (a) of point group C„,„, (b) of point group !>«,/». — In (b) the syininetry properties 
for vibral.ional levels that are autisynmietiie with respect to the center of symmetry (a) are added 
in l)racketH. 


As is well known, if the motion of a particle is referred to a uniformly rotating 
coordinate system, apart from tlie acceleration produced by the acting forces, two 
additional accelerations appear, tlie centrifugal acceleration and the Coriolis ac- 
celeration, which may be thought of as due to two apparent forces, the centrifugal 
force a.nd the Coriolis force respectively. The magnitude of the former force is 
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given by 

the magnitude of the latter by 


F 


centrifugal 


tnrctx^, 


^Coriolis = 2mva0} sin <P, 


(IV, 7) 
(IV, 8) 


where m is the mass of the particle, Va its apparent velocity with respect to the moving 
coordinate system, r its distance from the axis of rotation, co the angular velocity 
of the coordinate system with respect to a fixed coordinate system, and <p the angle 
between the axis of rotation and the direction of Va- The Coriolis force, unlike the 
centrifugal force, occurs only for a moving particle (va 9^ 0) and is directed at right 
angles to the direction of motion and at right angles to the axis of rotation (in such a way 
that a right-handed screw progressing in the direction of jPcorioUa will carry Va into ca 
over the smaller of the two angles between them). 

When we consider the motion of a polyatomic molecule as an independent super- 
position of a rotation with an effective moment of inertia and a vibration, we im- 
plicitly assume that the vibration is referred to a coordinate system rotating with 
the molecule, and neglect the influence of the centrifugal force and the Coriolis force*. 
Introduction of the former simply changes the equilibrium positions somewhat and 
gives rise to the usually very small D correction discussed previously, which occurs 
even for the non-vibrating molecule. Introduction of the Coriolis force leads to an 
additional coupling between rotation and vibration (Coriolis coupling) which is in general 
much larger than the effect of the centrifugal force [[compare (IV,,^7) and (IV, 8)] 
since the velocity due to vibration (va) is usually much larger than that due to rota- 
tion (rco). However, this interaction occurs only in the vibrating molecule (Va 9^ 0). 

In order to visualize the influence of the Coriolis force more clearly let us con- 
sider, first classically, its effect in linear symmetric XY2 [see Jahn (470)]. Consider 
the vibration vz in the rotating molecule. The displacement vectors (solid arrows 

in Fig. 100c) give at the same time 



the relative velocities at any in- 
H staht, for example, when the nuclei 
pass through the equilibrium posi- 


tion. The Coriolis force on each 



nucleus is proportional to this 
velocity but perpendicular to it, 
and, for a counter-clockwise direc- 
tion of rotation, always toward the 
right when looking in the direction 
of motion. These forces are indi- 
cated by the broken-line arrows in 
Fig. 100. It is seen from this figure 
that during the vibration these 


forces tend to excite the perpen- 
dicular vibration v^, but with the frequency of ^3. Conversely, when the vibra- 
tion V2 is excited in the rotating molecule the Coriolis forces are as given in Fig. 
100b and tend to excite the parallel vibration vz, but with the frequency v^. 

If the frequencies of and vz were nearly the same, a strong excitation of one 
of the two vibrations would take place if the other were first excited, in consequence 
of this Coriolis coupling. However, this excitation will be very weak when, as is 
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usually the case, v^, and have widely different frequencies. In any case it will lead 
to the effect that, in the rotating coordinate system, the nuclei will not move in straight 
lines when, say, the vibration vg is excited, hut in ellipses which are the flatter the 
smaller the coupling, that is, the smaller the velocity of rotation or the larger the 
difference in frequency between V 2 and vs- This motion is indicated in Fig. 101 for 
the three fundamental vibrations of 


linear symmetric XY2. Since the el- 
lipses for one particular vibration are 
traced out by each nucleus in the 
same sense, it is clear that an addi- 
tional, vibrational, angular momentum 
arises which involves a change of 
energy.. In the case of the vibration 
vx the Coriolis force does not produce 
any coupling with another vibration; 
it produces only a coupling with the 
rotation (see Fig. lOOa). It is the 
same effect that occurs also for dia- 
tomic molecules and produces a devia- 
tion of ClZ-^Hiiverage from l//c cven for 
strictly harmonic oscillations C(l)j P* 
3723. It is usually not considered as 
a Coriolis coupling. 

In order to take account of the interac- 
tion of vibration and rotation in the wave 



Fig. 101. Classical motion of nuclei in linear 
XY 2 on account of Coriolis interaction. — This is not 
an oblique, but a perpendicular projection. The 
heavy arrows indicate the instantaneous velocities 
of the nuclei referred to a coordinate system rotat- 
ing with the molecule. The molecule is assumed to 
bo rotating in a counter-clockwise direction about 
an axis perpendicular to the plane of the paper. 
The width of the ellipses representing the path of 
the nuclei is greatly exaggerated. With decreasing 
speed of rotation this width decreases to zero. 


tnecfumical treatment of a polyatomic mole- 
cule, we have to use in the wave eq\iation (II, 275) the general Hamiltonian (II, 276). The energy 
levels are obtained by carrying out a perturbation calculation treating the difference between the 
general Hamiltonian (II, 276) and the harmonic oscillator-rigid rotator Hamiltonian, 


H 


li. 

2L 2I~ 


Pz- 

— ' -j- 

2/. 


Pk^ + 




(IV, 9) 


as the perturbation function (see p. 208f.). 

If in this perturbation (uilculation, the anharxnonic terms in the i:>otential energy and the de- 
jiendcnc^e of the /Xap (that is, essentially of the nioments of inertia) on the normal coordinates are 
neglected, the in/lutnce of the Coriolhs interaction is obtained. The Hamiltonian is then (II, 279) 
with F = I 2) Its only difference from (IV, 9) (‘onsists in the replacement of Pxy Py, Pz by 

Px. *“ Px, jPj/ ” Py, Pz — pz, where px, py, pz are the components of the vibrational angular momentum 
operator. The latter quantities are defined by 

px - 2) miiiHh — py = 2/ niiiziXi — XiZi), ^ mi(x^yi — ViXi) (IV, 10) 

where xi, Zi are the displacement coordinates and Xi, ?/t, Zi are the velocity components of nucleus 
i with respect to a coordinate system rotating with the molecule. In transforming to normal coordi- 
rnites one obtains []see Wilson and Howard (944) and Jahn (470)] 

= 2 fhVfiA- - ^kPi), . (IV, 11) 


and similarly for andj!»«, where the S’TkJ 1*2- are constants depending on the masses, the equi- 

librium internuclear distances and the force constants,^ and where the pk and pi are linear momentum 
operators corresponding to the normal coordinates and ^i [see equation (II, 277)3- 


^ For explicit formulae for the - • • see Jahn (468) who calls them 
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In agreement with the preceding classical treatment, a vibrational angular momentuni arises 
from the Coriolis interaction of two normal vibrations. The total vibrational angular inotnentmn 
is the sum of contributions from each pair of interacting vibrations, as shown by equation (IV, 11). 
As always, introduction of this perturbation into the wave equation leads to a mutual Teptils%(>n of 
the two **originar’ vibrational levels which increases, in the present case quadratically, with in- 
creasing rotational quantum number J. In other words the higher of the two vibratioTial levels huB a 
larger, the lower a smaller B value, than without this interaction; that is, there is a negative contrilnition 
to the cti corresponding to the higher of the two interacting vibrations and a positive contribution 
to the oLi corresponding to the lower vibration. The magnitude of this contribution is iriversely 
proportional to the difference infrequency of the two vibrations, since the vibrational angular momentum 
is the smaller the more the frequencies of the two interacting vibrations differ (see above) - 

Apart from this, not every pair of vibrations will give a contribution. As we have seen above 
(Fig. 100), for linear XY 2 the Coriolis force produces an interaction only between and but not 
between vx and and not between vi and ^ 2 - The general rule specifying the vibrational states 
between which a Coriolis interaction can take place has been given by Jahn (470). It follows im- 
mediately from (IV, 10) if it is realized that the ph have the species of and that the Bpecies of 
Py, Pz is that of the rotation about the x, y, or z axis. Therefore, two inhrations will vnteract in 
quence of Coriolis forces in the rotating molecule only when the produeV' of their species (see Tables 31 
and 33) contains the species of a rotation. Thus for P 2 and vz of linear symmetric XY 2 , X II^;, 

which is the species of the rotation about an axis perpendicular to the internuclear axis; but for vi 
and vz we have X ctu'^ = which is not the species of any rotation (see Table 24). Similarly 
one finds that for linear symmetric X 2 Y 2 only the pairs of vibrations vi and v% and pz and rg, 
interact (see Fig. 64), but none of the other pairs. 

If in the general Hamiltonian (II, 276) the vibrational angular momenta pxr Pyj Psf as well as 
the anharmonic terms of the potential energy, are neglected, but not the dependence of the moments 
of inertia on the normal coordinates, one obtains the “ harmonic contribution to the aa mentioned 
under (1), p. 372. If the anharmonicity is then introduced but the vibrational anguhir momenta 
are still neglected one obtains an additional contribution to the cxi which in general, as for diatomic 
molecules, is the largest of the three contributions. 


Summarizing, we can thus write, for the rotational constants ac whi(di reprosont 
the main influence of the coupling of rotation and vibration Qsee Herzl)erg (434)3, 

(IV, 12) 

where the superscripts refer to the three contributions discussed above. By actually 
carrying out the perturbation calculation the can be expressed in terms of the 
potential constants and the internuclear distances. For linear symmetric X Yo mole- 
cules such formulae have been given by Dennison (280)^"' [correcting earlier results 
of Adel and Dennison (38)]], for linear XYZ molecules by Nielsen (G54a), and for 
linear symmetric X 2 Y 2 molecules by Shaffer and Nielsen (779) [correcting earlier 
results of Wu (961)]. For the general case of linear molecules (as well as non-linear 
molecules) detailed formulae have been given by Nielsen (666) [see also Sayvetz 
(762b)]. We give here only the formulae for the linear XY 2 molecule: 
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(IV, 13) 
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In these equations is the moment of inertia in the equilibrium position and am ai22 
and ai33 are the anharmonic potential constants in (II, 263).2 As explained above’ 
the contribution of the Coriolis interaction to ai is zero. The other two contribu- 
tions to Oil agree exactly with those for diatomic molecules (see Molecular Spectra I, 
p. 116 ). As expected, the Coriolis contributions to a2 and as are opposite in sign 
and depend on the difference of the frequencies 002 and C03. By using the above 
formulae, if Be and the o); are known, the anharmonic potential constants can be 
determined from the observed a values (see also below). 

, It should be mentioned that according to Nielsen and Shaffer [(668) and private 
communication] the terms here called and are also due to Coriolis 

interaction; that is, for linear XY2 the harmonic contributions to the a2 and as are 
zero. However, the terms here called and as^'^^'^ are at least formally of 

a different type from a2^°°^-' and in that they do not depend on the separation 

of C02 and C03. It appears that there is room for divergence of opinion as to the correct 
interpretation of the various terms even though there is no disagreement about the 
correct formulae for the a^. 

Z-type doubling. As we have seen previously, the H, A, • • • vibrational levels of 
linear polyatomic molecules are doubly degenerate on account of the equivalence of 
the two directions of the angular momentum Z. Just as for the H, A, • • • electronic 
states of diatomic molecules, this double degeneracy is removed with increasing 
rotation; that is, a splitting into two components for each J occuts whose separation 
increases with increasing J . This is indicated, greatly exaggerated, in Fig. 99. 

Qualitatively there are two reasons for this Z-type doubling [see Herzberg (434)]. 

(1) As we have seen previously, when a JL vibration (species H) is singly excited in a linear 
molecule we may take as the two component motions either (a) the vibrations in two planes at right 
angles to each other or (b) the rotational vibrations about the symmetry axis in the clockwise and 
counter-clockwise directions (see Fig. 27a) with angular momentum Z == dz 1 . If in the former scheme 

the molecule is rotating, for a vibration in a plane (trJb parallel to the axis of rotation no change of 
moment of inertia of the molecule will take place as long as the vil, rations are harmonic, since the 
nuclei move parallel to the axis of rotation. But for a vibration in a plane (cr„ ■*•) perpendicular to 
the axis of rotation the moment of inertia about the axis will change, since it is the sum of the original 
moment of inertia and that about the symmetry axis of the molecule (which is not zero in a displaced 
position). Thus we expect slightly different effective li values for the two component vibrations. 
If we use scheme (b) we have, when the nuclei are swinging around the symmetry axis, essentially 
the same situation as in a molecule with slightly bent equilibrium i)osition; that is, we have a slightly 
asymmetric top for which the double degeneracy of levels with K 5 ^ 0 of the corresponding symmetric 
top is removed, the splitting increasing with J (see Fig. IS) . In the present case K is identical with Z. 
Thus on either scheme (a) or (b), a doubling is expected on account of the fact that in tfte displaced 
postiion the rnoleciile is a slightly asymmetric top. 

(2) Since the Coriohs force^ according: to (IV, 8), depends on the sine of the angle between the 
axis of rotation and the velocity of the particle (in the rotating coordinate system), it is clear that 
the component vibration in the pbine <r„ll is unalTectod by it. and only the component vibration in 
<r„ IS affected (see also Fig. 100). Siiifio the Coriolis force is proportional to the speed of rotation 
wo expect a splitting that increases with inci’casiug J. 

On the basis of the above considerations and the close analogy to the A-type 
doubling of diatomic molecules, we conclude that the l-type splitting in a vibrational 

2 Dennison gives his formulae in terms of potential constants which are referred to certain di- 
mensionless normal coordinates ai which are related to the rp in (11, 263) by at = 2w Vwfc//t Here 
It must be remembered that the rn in (II, 263) arc normalized to unity. 
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n state is given by 


Av = qJ (J + 1)> 


(IV, 14) 


where q is of the order the subscripts i referring to the J_ vibration 

that is excited in the n state. 


In a more formal way the Z-type doubUng may also be explained as a special cjiso of the perturba- 
tions to be discussed below. Since only levels of equal parity ( + , ) and equal J influence one 

another, a vibrational state wiU affect only one set (n+) of component levels of a II state, namely 
that for which the even levels are H- and the odd — , while the other set (II ) is uninfluenced (Btse 
Fig. 99). If, as usual, the S’*" state is above the H state (ws !> £02 for XY 2 ), the II'*' comijoneixt is ^ 
shifted down, (increasingly so with increasing y) while the H component is unchanged. 

A more detailed theory of the Z-type doubling has been given by Nielsen and ShafTer ((>(!«)• 
They consider the whole effect as due to Coriolis interaction. However, their resultant formula 
for q shows no dependence on the frequency difference between the two interacting, vibrations, iis 
one would expect for Coriolis interaction. Also, in the few cases in which oxpeiimental daf'ti Hic 
available [see Herzberg (434)], Nielsen and Shaffer’s formulae gives q values about twice the ob- 
served values. It therefore appears not definitely decided whether there is also a contribution duo 
to the asyxometry of the displaced position. 


Perturbations. The interaction of rotation and vibration, which causes the above 
systematic, changes of the energy , levels, may also cause somewhat more irreg ular 
changes — perturbations — similar to the perturbations found in diatomic molecules, 
where, however, they can only be produced by the interaction of rotation and elec- 
tronic motion. Just as for diatomic molecules, these perturbations are always 
produced by the mutual interaction of two states of nearly the same energy, of the same 
J value, and of the same parity (-1-, — ) and symmetry with respect to an exchange of 
identical nuclei [see Molecular Spectra I, p. 313, and Kronig (542)]. .But while 
for diatomic molecules these two states always belong to two different electronic 
states, here they may belong to the same electronic state (ground state) but different 
vibrational stsAes. We may subdivide the perturbations according to their appear- 
ance into vibrational and rotational perturbations (just as for diatomic inolecules), 
and according to their cause into Fermi perturbations and Coriolis perturbations [or 
homogeneous and heterogeneous perturbations; Mulliken (642)]. 

A vibrational perturbation consists of a shift of a vibrational level from its normal 
position accompanied by a change of the effective B value from its normal value; or 
the latter effect alone may occur. The shift of a vibrational level even witliout 
rotation, as we have seen previously, is always due to Fermi resonance, that is, to 
an interaction with another vibrational level which lies close to the one considered, 
and has the same species. If the molecule is rotating this Fermi interaction will in 
general also produce a change of the effective B values of the two interacting levels. 
According to Adel and Dennison (38) we have, for the actual B values of two resonating 
levels n and 

Bi = b‘^BrI> + a^Bi^, (IV, 10) 


where Bjf and Bi^ are the unperturbed B values [as obtained from (IV, 2)2 arid 
where a and b are the fractional contributions of the unperturbed to the perturbed 
vibrationM eigenfunctions according to the previous formula (II, 293). Siruje 
^2 _|_ 52 _ follows that 

Br,-VBi= Bff d- BP. (IV, I (5) 

The sum of the B values is unchanged by the perturbation. 
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A second type of vibrational perturbation can be produced by Coriolis inter- 
action. If two vibrational levels of different species lie close together they cannot 
interact in the rotationless state; but there will be an increasing repulsion of the 
rotational levels of the same J with increasing J if the two vibrational levels can 
have Coriolis interaction (see p. 376); that is, the effective B values will be changed 
as compared to the unperturbed values even though there is no shift of the pure 
vibrational levels. For example, such a perturbation could occur between a Su"*" 
and a n„ vibrational level, or between and lip, and so on. However, it must 
be realized that this interaction will affect only one component of a II state if the 
interaction is with a S state ; that is, the 11 state will show an anomalously large (or 
small) Z-type doubling. Such an anomalously large Z-type doubling has been found 
(but not explained) by Funke and Lindholm (342) for the upper state 2vx + vz 
of the C 2 H 2 band at 10,413 cm~^, for which q — 0.0084 cm~^, whereas for all other 
observed states in which the vibration i' 4 (IIp) is singly excited q is between 0.0059 
and 0.0067 cm~^. The perturbing state in this case is probably vx + 2»'2 + j/ 3 (Sw'*'). 
Certain observed irregularities in the B values of C 2 H 2 are probably also due to 
Coriolis interaction. 

Both causes, Fermi interaction and Coriolis interaction, may also lead to typically 
rotational perturbations. If the Fermi interaction between two states of the same 
species is very slight and yet the two states are very close together (which may 
happen for the higher vibrational levels), and if at the same time the B values are 
such that the unperturbed term curves plotted as functions of J intersect each other 
(see Fig. 124, p. 312 of Molecular Spectra I), then only the levels in the neighborhood 
of this point of intersection will be perturbed, and we have a typical rotational 
perturbation. 

Similarly, when the two vibrational states have different species but can have 
Coriolis interaction (AZ = db 1), near the point of intersection of the term curves 
this Coriolis interaction will produce a shift of the energy levels from the normal 
positions, that is, a rotational perturbation. The difference from the preceding 
case is, however, that since the Coriolis interaction increases with increasing J the 
shift from the normal position does not go back to zero for large J even though the 
difference in energy between levels of the same J is then fairly large. 

Both types of rotational perturbations have been observed by Funke (340) in 
the rotation-vibration spectrum of C 2 H 2 . «Iust as for diatomic molecules^ extra 
lines appear in the perturbation region because of the mixing of the eigenfunctions 
(see Molecular Spectra I, p. 318). 

{h) Infrared spectrum 

Selection rules. As in the diatomic case, in a good approximation, the selection 
rules for the pure vibration spectrum and for the pure rotation spectrum are not 
changed by the interaction of vibration and rotation (for a proof see section 2b). 
Thus- also for the rotation-vibration spectrum in the infrared only those vibrational 
transitions occur (see Table 55) for which Mz has the species or and My have 
the species 11^ (where the subscript u is to be dropped for point group Coou), that is, 

AZ = 0, db 1, S+^S-, g-^g, u<-^u, (IV, 17) 
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and only those rotational transitions for which, 

= 0, ± 1 i,J = 0 J ~ Qi)', + <— > , — j s a. (IV, 18) 

However, while in the rotation spectrum only AJ = + 1 is significant, here A.7 = 0, 
and —1 are also significant- But, as for diatomic molecules, A/ = 0 is forbidden 
when Z = 0 for both upper and lower state (S — S transitions). 

Since for all known linear polyatomic molecules the electronic ground state is ^2 
we need not discuss the influence of a possible electronic angular momentum A on 
the rotation- vibration spectrum. Its place is taken by the vibrational angular 
momentum I, and therefore the structure of the infrared bands of linear polyatomic 
molecules is similar in all respects to that of the corresponding electronic hands of diatomic 
molecules. 

It may be noted that the rotational selection rules (IV, 18) do not restrict the vibrational transi- 
tions any further than the vibrational selection rules (IV, 17). On the other hand, transitions that 
are forbidden according to the vibrational selection rules S~, g g, u u also lead to 

conflicts with the rotational selection rules. Even when the interaction of vibration and rotation 
is very large the rotational selection rules hold rigorously for dipole radiation, and since in the 
infrared the intensity of quadrupole radiation is 10“^ of the intensity of dipole radiation, we cannot 
expect to observe any forbidden transitions of the type g c or m in absorption in the gaseous 
state. However, for extremely large interaction of vibration and rotation, transitions violating tlie 
rule Al — 0, ±1 (for example, A 2) or the rule Z"*" ■«-*-> 2“ may occur weakly. But no such case 
has as yet been observed. 

Types of infrared bands. According to the above selection rules the following 
three types of infrared bands of linear molecules can occur. 

(1) Transitions for which I = 0 in both the upper and lower state (|| bands, 2 — 2 
transitions). For these bands only A J = db 1 can occur; that is, they have only 
one P and one R branch but no Q branch. They are of exactly the same type as 
the rotation-vibration bands of diatomic molecules with ^2 ground state, or as 
^2 — ^^2 electronic bands of diatomic molecules (compare Molecular Spectra I). 

(2) Transitions for which AZ = ± 1 (± bands, 11 — ^2, A — 11, • • • transitions). 
For these bands AJ = 0 as well as AJ = d:: 1 is possible, and therefore in addition 
to a P and an R branch a Q branch appears which is, in fact, stronger than either the 
P or P branch. There is no analogue of these bands in the rotation- vibration spectra 
of diatomic molecules, since for the latter the angular momentum about the inter- 
nuclear axis cannot change. However, these ± bands are of exactly the same type 
as ’•n — ^2, ^A — ^2, ■ • • electronic bands of diatomic molecules. 

(3) Transitions for which Al = 0 but I 9 ^ 0. (|| bands, II — H, A — ^A, • • • transi- 
tions). For these bands, also, AJ == 0, d= 1 is possible and therefore they also have 
a Q as well as a P and an R branch. Here, however, since only Mz 9 ^ 0, the Q branch 
is weak, the intensity decreasing from the fii’st line instead of reaching first a maximum 
as for the P and R branches. These bands are exactly analogous to the rotation- 
vibration bands of diatomic molecules with a 11 (or A) ground state and to ^11 — ^11, 
^A — ’^A, • • • electronic bands. 

For any linear polyatomic molecule all three types of bands occur. 

2 — 2 bands [type (1)]. In the case of unsymmetrical linear molecules (point 
group Coo„), vibrational bands 2‘*” — 2"^ and 2~ — ^2~ will have a structure of type (1); 
in the case of symmetrical linear molecules (point group Dw/O the vibrational bands 
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Sj,’*' — S^^~■ — 'Lg~, 'Lg~ — Sw~ (where the upper state is written first) 
will have this structure. Of these the most important ones and the only ones thus 
far observed are the and bands respectively. For Coav molecules 


the strong 1—0, 2 — -0, • • • transitions of 
the [1 vibrations, for Daah molecules the 
1 — 0, 3 — 0, • • • transitions of the anti- 
symmetric 11 vibrations are of the 2J+ — 
2+ type. In addition, certain combina- 
tion bands will have this type. Fig. 102 
shows in an energy-level diagram the 
possible rotational transitions for 2^+ — 2^''" 
and the resulting spectrum. This diagram 
also represents 2+ — 2‘*' transitions for 
molecules if the difference between a and 
s and between heavy and light lines is 
disregarded. 

As for diatomic molecules, formulae 
for the two branches R and P corresponding 
to A/ = -1- 1 and — 1 respectively are 

R{J) = + 2B' -h - 

B")J -t- {B' - B")r-, (IV, 19) 

P{j) = - {B' 4- B")J 

-h (B' - B")J‘\ (IV, 20) 

where, as usual, J is the rotational quan- 
tum number of the lower state {^J") and 
V() the band origin. Higher terms in 
and have to be added if the D correc- 
tion is not negligibly small (see Molecular 
Spectra I, p. 191). The two branches can 
also be represented by the single formula 

V = (B' -H B")7n 

-f (B' - B")m\ (IV, 21) 

where m = / 4* 1 for the R branch and 
m — — J for the P branch. Thus we may 
also say that we have a single series of 
lines in which one line is missing (zero 
gap), this missing line separating the two 
branches. For the fundamentals, B' — B" 
is very small and therefore the lines are 
almost equidistant. 

As examples, observed spectrograms of 
N 2 O, HCN, CO 2 , and C 2 H 2 are re{>roduced 
in Figs. 103, 104, 105, and 106. It is seen 
that in each branch the intensity first in- 


J 
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Fig. 102. Energy level diagram for 
bands of linear polyatomic molecules. — The B 
values in the upper and lower state have been 
fxasumed to Iks the same. At the bottom the 
resulting speedrum is shown schematically. 
The intensity alternation indicated refers to 
molecules like C 2 H 2 with Fermi statistics as 
“ivsultant” statistics of the nuclei (seep. 17), 
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creases to a maximum, and then decreases, in agreement with the thermal distribu- 
tion of the rotational levels discussed in Chapter I. Also, Fig. 106b shows that at 
lower temperature the intensity maxima in the P and R branches are closer to the 
zero gap. For the Doo^ molecules, since the rotational levels are alternately sym- 
metric and antisymmetric and have different statistical weights (see Table 2), the 
lines in each branch show a characteristic intensity alternation indicated in Fig. 102 



Fig. 103. Fine structure of the fundamental vx of N 2 O at 7.77/i Plyler and Barker (703) []• 

— The length of the absorbing path was 6 cm. at a pressure of 10 cm. Unlike the data in Table 58 
the wave numbers in this figure have not been converted to vacuum. 


by heavy and light lines. In the case of CO 2 , since the spins of the identical nuclei 
are zero, alternate lines with odd J are completely missing. That this is actually 
the case can be recognized in Fig. 105 from the fact that the R lines do not form the 
continuation of the series formed by the P lines but lie half way between the lines 
of this continuation. For C 2 H 2 the ratio of the statistical weights should be 1 : 3 
and the lines with odd J should be the more intense (see Table 2). The latter con- 
clusion is immediately seen to be correct from Fig. 106. Careful intensity measure- 
ments by Childs and Mecke (209) have indeed shown that the intensity ratio is 
1 : 3-0 =b 0.1. For C 2 D 2 , whose bands have not as yet been observed under sufficient 
resolution, one would expect an intensity alternation 2 : 1 with the even lines the 
stronger. It would also be interesting to study the intensity alternation in C 2 ^®H 2 , 
which should be 5 : 3 if the nuclear spin of C^® is -J- (see Table 2) . 

It may be noted that for S — S bands of molecules a Q branch is not only 
forbidden by the same selection rules as for Coot, molecules (see above) but in addition, 
as can be seen from Fig. 102, by the very strong rule symmetric antisymmetric, 
which holds just as strictly as the ortho para rule for H 2 . Therefore, even under 
extreme conditions, as in the liquid state, this Q branch cannot occur. At various 
times the observation of a Q branch in a S — S band of a molecule has been 
claimed. But in all such cases it can be explained as due to an overlapping band, 
usually a 11 — ^11 difference band (see, for example, the line near the zero gap in Fig. 
106a). Similarly, Sg"*" — 'Zg'^ transitions (for example the first or third overtone of vz 
of CO 2 or C 2 H 2 ) cannot occur without violation of the s-^ a rule, at least not with 
the normal P and R branches,® and all interpretations of infrared bands as such 
transitions cannot be correct. 

If one nucleus of a pair of identical nuclei in a linear molecule of point group 
Dooh is replaced by an isotope, that is, if the two nuclei are no longer exactly identical, 
the reason for the distinction between symmetric and antisymmetric rotational levels 
disappears, and no intensity alternation should occur. This has indeed been found 

^ The Q branch could occur as quadrupole radiation or enforced dipole radiation. 
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for C 2 HD [Herzberg, Patat, and Spinks (437)], as shown by the spectrogram in 
Fig, 107. 

As we shall see, neither symmetrical-top nor spherical-top nor asymmetric-top 
molecules can give infrared bands consisting of a single P and R branch separated 
by a zero gap. Conversely, therefore, if for a molecule such a simple structure is 
found it shows unambiguously and without any detailed measurements that the mole- 



Fig. 105. Fine structure of the combination band vs — 2p2 of CO 2 at 9.40^ [after Barker and 
Adel (108)]. — ^An absorbing path of 700 cm. and atmospheric pressure was used. 


cule is linear. In this way it follows, for example from the fine structures reproduced 
in Fig. 103-106, that the molecules N 2 O, HCN, CO 2 , and C 2 H 2 are linear. (By 
“linear” we mean, of course, that the equilibrium configuration is linear. Due to 
the zero-point energy of the ± vibrations, which is present even in the lowest state, 
the nuclei are not usually exactly on a straight line at any one time but are so only 
on the average). 

It will be recalled from the examples in the preceding chapter that it is not easy 
to prove the linear structure of a molecule from the coarse structure of the vibration 
spectrum alone, particularly since the failure to observe certain bands may be due 
to their weakness and not to their non-occurrence. The proof of linearity from the 
fine structure of the vibration bands does not have this objection. 

Moreover, the presence or absence of an intensity alternation in such a simple 
band proves unambiguously whether the linear molecule is symmetric (point group D^h) 
or not (point group Thus it was first proven [Plyler and Barker (703)] that 

N 2 O has the structure N— N— O not N— O— N (see Fig. 103). Similarly, the ob- 
served intensity alternation and missing of alternate lines for C 2 H 2 (Fig. 106) and CO 2 
(Fig. 105) respectively proves that these molecules are symmetrical. 

n — S bands [t 3 rpe (2)]. ’ Bands of the second type are the 11 — S+, It — S", 
A — n • • •, — n, S- — n, n — a, ■ • • vibrational transitions, where for D^o/i mole- 

cules the subscripts y and u have to be added and the rule g u applies. Only 
II transitions (IIw Sg"*" for D^oh molecules) have as yet been completely resolved 
and we shall restrict our considerations mainly to these. The fundamentals of the 
infrared-active perpendicular vibrations are of this type as well as their even over- 
tones 3;^^, 5vj^, ■ > > (the odd overtones 2pj_, 4vj_, • • • which are active only for Coov 
molecules give bands of the first type). 

Fig. 108 shows in an energy-level diagram the transitions allowed according to 
the selection rules for n„ — 2 The main difference from the first type is that in 
addition to the P and R branches we obtain a strong Q branch. The formula for 
the Q branch is 


Q(J) = (B' - B")J -h {B' ~ B")J\ 


(IV, 22) 
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For the fundamentals and low overtone and combination bands, B' — : B” is very 
small and therefore all lines of the Q branch fall practically together, giving rise to 
a very strong line’* in the center of the j 


hand. Fig. 109 and 110 give as ex- 
amples the observed fine structures of 
the fundamentals of HCN and of 
C 2 H 2 . For higher combination bands 
the Q lines no longer coincide but form 
a separate branch- Such bands have 
been found in the photographic infrared 
spectrum of C 2 H 2 CFunke and Herzberg 

(341) , Funke (339) (340), Mecke and 
Ziegler (618), Funke and Lindholm 

(342) ]. 

According to Fig. 108, in addition to 
the line P(0) the line P(l) should likewise 
he missing. This is, however, difficult 
to ascertain when the Q branch is not 
resolved, since it usually tails off toward 
longer wave lengths and overlaps the 
place where 7^(1) would be if it oc- 
curred (see Fig. 109 and Fig. 110). 
For S — n transitions, instead of P(l) 
the line P(0) will be missing near the 
band origin (compare the completely 
analogous cases of electronic bands of 
diatomic molecules, Molecular Spectra 
I, Chapter V, 3b). 

Fig. 108 shows clearly that on ac- 
count of the i-type doubling and the 
selection rule -f — the upper states 
of the Q lines are slightly different from 
those of the P and R lines. For most 
p)urposes this difference can be neg- 
lected since the Z-type splitting is very 
small, hut for very precise measure- 
ments it must be taken into account. 

It is also seen from Fig. 108 that 
for Doo 7 i molecules in every branch of 
n — IS (and similarly S — 11) bands, there 
is an intensity alternation, just as for 
— S bands. This is seen clearly in 
the C 2 H 2 fundamental of Fig. 110. 
It must, however, be stressed that for 
A — 11 and II — A bands, which otherwise 
would be quite similar to the 11 — S and 
S— 11 bands, such an intensity alterna- 
tion would not occur, since for them 
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Fia. 108. Energy level diagram for 1I« — 
bands of linear polyatomic molecules. — See cap- 
tion of Fig. 102. In the schematic spectrum be- 
low, the lines of the Q branch have been spread out 
even though actxially, since B' — B" is assumed, 
they should all coincide. The magnitude of the 
Z-typo splitting in the upper state has been greatly 
exaggerated. 
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each rotational level of both upper and lower state is a close doublet of a sym- 
metric and antisymmetric level and therefore each “line” is a close doublet of a 
weak and a strong line [^see also type (3)]. 



Fig. 109- Fine structure of the fundamental vA'if) of HCN at 14.04/1 [Rafter Choi and Barker 
(210)3. — The length of the absorbing path was 2.5 cm at a pressure of 350 cm for the main curve 
and at a pressure of 3 mm and 1 mm for the curves a and h respectively. 



Fig. 110. Fine structure of the fundamental vs(.ir.„) of CaHa at 13.71/t [after Ijovin and Meyer 
(574)3- — The absorption cell was 4 cm long and “partly filled.” 


Even when the available resolution is not sufficient to resolve the branches of a 
band of a linear polyatomic molecule, it is possible to decide whether the band 
considered is of the 1 1 or JL type, as long as the dispersion is not too small, since in 
the first case there is a minimum in the center of the envelope, in the second case a 
strong maximum. As examples the unresolved CO 2 bands in Fig. 83 may be con- 
sidered: all bands in the lower strip are clearly H bands whereas the fundamental v-i 
in the upper strip is clearly a JL band. In this way, in many cases, the types of 
the bands of the linear molecules discussed in Chapter III have been determined. 

It should be realized that the ] \ bands of symmetric top molecules also consist of 
a. Pf Si Q, and an R branch (see section 2 of this chapter). The observation of such 
a band with three branches, in itself, is therefore not sufficient proof for the linearity 
of a molecule. 
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n — II bands [type (3)[|. Bands of the third type are the II — II, A — A, ••• 
vibrational transitions, of which, however, up to now only 11—11 transitions have 
been observed. No fundamentals are of this type, but only difference hands belong- 
ing to a sequence that starts out with a S — S band (see p. 267). For example, when 


J 



V 


Fio. 111. Energy level diagram for II,, — ^llj, bands of linear polyatomic molecules. — -See cap- 
tions of I'^igiires 102 and 108. The two atrii)8 at the bot.torn f;ive scdiomiitically the spectrum for the 
case of C„y„ iind Dm/, molecules reapcictively ; in the latter case under the assumption that the anti- 
symmetric levels have the greater weight (luj in Call a). 

in the upper and lower state of the 1-0 transition of a |1 vibration a J_ vibration is 
singly excited, we obtain a II — 11 band whose wave number is of course very close 
to that of the 1-0 transition (S — S band). The 11 — 11 bands can be observed in 
absorption only when an appreciable fraction of the molecules is in the first excited 
state of a _L vibration, and even then they are strongly overlapped by the much 
stronger 2 — band to which they belong. The first case of this type was observed 
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by Herzberg and Spinks (441) for C 2 H 2 and can be seen in Fig. 106a (short leading 
lines at bottom) ; Fig. 106b shows that at low temperature the II- — 11 band disappears, 
since then the fraction of molecules in the first excited state of the _L vibration 
is too small. 

Fig. Ill shows in an energy-level diagram the transitions allowed according to 
the selection rules for Hu — II^. If we neglect the Z-type doubling it is seen that, as 
for the second type of band, there is a P, a Q, and an R branch. However, here, 
since this is a 1 1 band with only Ms 7 ^ 0 , the lines of the Q branch have an intensity 
that decreases very rapidly with increasing J . Therefore, even though most of the 
lines of the Q branch coincide, they will not form a particularly strong “line” as 
for type ( 2 ), but only a “line” whose intensity is comparable to that of an individual 
line of the P or R branch. In addition, it is seen from Fig. Ill that on both sides 
of this Q “line” a line is missing in the series formed by P and R branch Qiamely, 
the lines P(0) and P(l)]. Further lines would be missing for A — A, • * • transitions. 

It is particularly important that for jDooA molecules this type of band will not 
exhibit an intensity alternation [unlike types (1) and (2)3 as long as the Z-type doubling 
is not resolved, since for all / values a strong and a Weak line coincide (see Fig. 111). 
This lack of an intensity alternation can be seen clearly in the 11 « — 11 „ band of C 2 H 2 
in Fig. 106a, and is quite generally a very useful means of identifying such II—II 
bands in D^ah molecules. 

With very large resolution, as can be seen from Fig. Ill, each line of a II — 11 
band will consist of two components whose separation is equal to the difference of 
the Z-type doubling in the upper and lower state- Such a doubling has indeed been 
observed for the Zvz -h V 4 — 1^4 band of C 2 H 2 by Funke (340). In the case of zero 
nuclear spin (or I = | if only the strong lines are observed), this doubling will 
manifest itself only in a “staggering” of the lines of the P and the R l)ran<;h (see 
Molecular Spectra I, p. 294). 

Combination differences, evaluation of rotational constants. Until fairly recently, 
infrared spectroscopists determined the rotational constants by fitting a formula of 
the type (IV, 21 ) to the observed R and P’ lines, thus obtaining B' -f B” and B' — B" 
and therefore the B values of the upper and lower state. However, it appears that 
this method does not lead to very accurate B values [see Herzberg (433)3. Thus 
for CO 2 different bands have led to values of P[o] differing by as much as 0.6 per cent. 
The method of combination differences and related methods, which are always used 
in the analysis of the electronic spectra of diatomic molecules (see Molecular Spectra 
I, p. 191f.), give a much better (up to ten-fold) accuracy of the B values. 

It is easily seen from the definition of P and P branches (A./ = — 1 and -f-l 
respectively) that 

R{J) - P(J) = F'(J -f-l) - F'U - 1 ) = A^F'iJ), (IV, 23) 

R(J -T 1) - P(J 4 - 1 ) = F"(J -f 1) - F"iJ - 1 ) = AzF"(J); (IV, 24) 

that IS, by forming these differences it is possible to separate the upper and Unoer state. 
If now (IV, 3) is substituted for F(J), 

A 2 P(J) = 4B{J -h I), (IV, 25) 

where the D correction has been neglected, as is usually although not always possible 
for linear polyatomic molecules (for its inclusion see Molecular Spectra I, p. 198). 
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According to (IV, 25), the observed A^F^J) for the upper and lower state should fall 
on a straight line if plotted against /, and 45' or 45" is immediately obtained as the 
slope of this line, or as the average of the + |)] values. The formation 

of the combination differences also gives an extremely valuable and critical check 
on the correctness of the arialysis and on the consistency of the data if two or more bands 
with the same lower or the same upper state have been measured, since the A^FiJ) 
values for the common state formed from the two or more bands must agree for every 
J value within the accuracy of the measurements. The 5 value of the common 
state is then, of course, determined from the average of the respective AzFiJ) values. 

The difference of the 5 values 5' — 5" for a given band can be obtained (from the 
same data) with still greater accuracy from R{J — 1) +• 5(J") or, if a resolved <3 
branch is present, from Q(/). According to (IV, 19) and (IV, 20), 

R{J - 1) + P{J) = 2vo + 2(5' - 5")J2; (IV, 26) 

in other words, when R(J — 1) -f- 5(«/) is plotted against a' straight line is ob- 
tained whose slope is 2(5' — 5") and whose intercept on the ordinate axis gives an 
accurate value of vo, that is, of the zero line. Similarly, according to (IV, 22), when 
Q(J) is plotted against J{J +1) a straight line of slope (5' — 5") and intercept 
vq is obtained. 

It is usually advisable to determine only one 5 value from the combination differ- 
ences, and all others by finding first the 5' — 5" value from R(J — 1) + P(J) or 
Q(J). This gives a greater relative than absolute accuracy of the 5 values for the 
various vibrational states and therefore the rotational constants a, which involve the 
differences of 5 values, can be obtained more reliably than if each 5 were determined 
independently (see the examples below). 

In the case of accurate measurements of 11 — S bands it must be realized that 
from R(J) — P(J) or R(J — 1) 4- P(J) one obtains only the 5 value of one l-doubling 
component of the 11 state, whereas the Q branch, if resolved, gives that of the other 
component. The difference of these two 5 values is the constant q of the Z-type 
doubling [see equation (IV, 14)1]. It can also be obtained from the combination 
differences 5(/) — Q{J) and Q{J + 1) — P{J 1), which have been discussed in 
more detail in Molecular Spectra I, p. 201 and j). 278. 

If a sufficient number of 5 values has been determined, the 5<, and in (IV, 2) 
follow immediately. 

In the case of unresolved bands a rough 5 value may nevertheless be obtained if 
the maxima of P and R branch can be measured (see Tig. 83). The formulae for 
the intensity distribution [see equation (I, 10)3 give, for the separation of the maxima, 

Av = = 2.358^7^ (cm-i), (IV, 27) 

where T is the absolute temperature. 

Examples. As an example for the agreement of combination differences. Table 
126 gives the A%F{J) values for the lowest state of HCN as determined from the 
bands vz at 14 ja and at 1.04 (see Table 59), the fii'st measured by the ordi- 
nary infrared methods and the second measured in the photographic infrared. 
It is seen that the agreement is very satisfactory indeed. In Tig. 112 the values 
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Table 126. combination differences A^P'XJ) = R(J — 1) — P(.J + 1) I‘"or the bands 

V2 AND 3v3 op HCN, as DETERMINED PROM THE DATA OP BARTUNEK AND 
BARKER (125) AND HERZBERG AND SPINKS (442). 


J 

A2F"(J) = fi(/ ■ 

~ 1) - P{J + 1) 

J 

A.2F"(J) = R(J ■ 

- 1) - P(./ + 1) 

v% band 

band 

band 

Svii band 

1 


8.86 

12 

74.06 

73.89 

2 

14.63 

14.80 

13 

79.75 

79.78 

3 

21.21 

20.75 

14 

85.69 

85.72 

4; 

26.53 

26.64 

15 

91.63 

91.58 

5 

• 32.53 

32.53 

16 

97.56 , 

97.46 

6 

38.42 

38.46 

17 

103.48 

103.36 

7 

44.43 

44.30 

18 

109.16 

109.24 

8 

50.45 

50.26 

19 

115.09 

115.16 

9 

56.15 

56.15 

20 

120.66 

120.92 

10 

62.16 

62.10 

21 

127.05 

126.92 

11 

68.12 

67.95 

22 


132.73 



Fig. 112. AiF curve of HCN in its lowest state. — Circles represent photographic infrared 
measurements of Sps, crosses represent ordinary infrared measurements of P 2 . 

A 2 F(J) — 5.5(J + are plotted^ against /. It is seen that the photographic infra- 
red measurements of 3^3 (circles) are somewhat more consistent than the far infrared 
measurements of vz (crosses), since they give a smoother curve. From the slight 
deviation of the curve from a straight line the rotational constant D can be deter- 
mined (see Molecular Spectra I, p. 199). The slope of the curve (for = 0) gives 

^ 5.5 is an approximate value of 4:B. If A^F itself had heen plotted, the accuracy of plotting in 
a graph of this size would not allow detection of small deviations from the straight lino. 
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4jB[o] — 5.5. One obtains J5[o] = 1-4784 cm“i and ® D = 3.3 X 10~® cm~^ Using 
this D value also for all the other bands whose fine structure has been measured, the 
B values for the various vibrational levels as given in Table 127 have been obtained. 


Table 127. B values for the various vibrational levels of HCN, prom the 
DATA op HBRZBERG AND SPINKS (442), AND LINDHOLM (579).® 


Vi 


n 

JSf p], observe4 

B[vjy calculated 

Vi 


'^3 

Biv}, observed 

B [i,] , calculated 

0 

0® 

0 

1.4784 

1.4784 

1 

IV 

3 

1.4366 

1.4374 

0 

1^ 

0 

1.4789 

1.4791 

0 

o« 

4 

1.4343 

1.4352 

1 

0» 

2 

1.4477 

1.4475 

0 

11 

4 

1.4356 

1.4359 

0 

0® 

3 

1.4463 

1.4460 

1 

0® 

4 

1.423 

1.4259 

0 

p 

3 

1.4472 

1.4467 

0 

0 

5 

1.423 

1 .'4:2!'4:4 

1 

0® 

3 

1.4360 

1.4367 







They can be represented by the formula 

= 1.4878 — 0.0093(i;i + -|) + 0.0007(?;2 + 1) - 0.0108(w3 + |). (IV, 28) 

The values calculated from this formula are also given in Table 127. The agreement 
is very satisfactory. It could be somewhat further improved by introduction of a 
small term with {v^ + [see Lindholm (579)]. 

From (IV, 28), the rotational constant for the equilibrium position is 

i?«(HCN) * 1.4878 cm-^ 

and from it the moment of inertia in the equilibrium position is found to be [see 
equation (I, 2)] 

le = 18.81 C X 10“**“ gm cm^, 

which may be compared to the average moment of inertia in the lowest vibrational 
state as obtained from iiooo in Table 127: 

/[()] = 18.935 X 10~'‘” gm cm^. 

It is interesting to note that from the measurements of the vt hand (Fig. 109) by Bartunek and 
Barker (125) one obtains from P(,/) + P(./ — 1), in the manner deseribed above, B' — B" - 0; 
a result that does not agree well with the i^ovo and iJooo values obtained from the photographic infra- 
red bands (Table 127). The rea.son for this apparent discrepancy is not a lack of accuracy of the 
infrared measurements [as Lindholm (579) assumed], but lies in the Z-type doubling. The Boio 
value in Table 127 is obtained from a II — II band, and therefore represents an average of the jB values 
of the two Z-doubling components, while the Boto value from ra refers to the upper level of the P and 
7£ branches only (see Fig. 108). The Poio value of the upper level of the Q lines of Pa would therefore 
be greater than Poio of Table 127 (approximately 1.4794). It follows that the Q branch should be 
slightly shaded toward shorter wave length even though P and /£ lines are perfectly equidistant. 
Such an asymmetry of the Q braiudx can indeed be seen in Fig. 109. The fact that > B^^ 

(and not the reverse) is also in agreement with expectation. 


® This D value is the average of the values given by Herzlxerg and Spinks (442) and Lindholm 
(579). The latter author unfortunately does not give the wave numbers of the band lines measured 
by him, so that it is impossible to take the average of all combination diiferencses- 

® In order to have a consistent set, Lindholm's B values for some of the levels have been increased 
by 0.0005 cm“i^, since he used for them a smaller D value, which c.hanges the resulting B value by 
about this amount. 
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As a second example we consider the infrared spectmm of the CO2 molecule. The J^ooo value 
can be obtained from the combination differences A^F^J) of the bands V 2 and vs. However, it appears 
that the resonance pair of difference bands V 3 — 2^2, vs — has been measured with much greater 
accuracy [Barker and Adel (108)3. Therefore it is better to start out from the state 0, 0, 1. In 
Fig. 113 the values — 1.4800(J' + f) are plotted for this state as obtained from the three 

bands ps, vs — 2*^2, ps — pu It is seen that the consistency of the A^F^J) from v-i — 2 p2 and Vi — vi 



Fiq. 113. A 2F curve of CO2 in the state 0 0 1, obtained from the bands V3, Vs — ^2V2, V3 — Vj. 
Circles represent values obtained from >3, squares those fx-om — 2 v2 (9.40/x), crosses those from 
x's — j'l (10.41/x). 


is better than the consistency of those from vz. From the slope of the straight line, using only the 
data from Pz — 2 p2 and ps — pi, the correction to be applied to 1.4800 in order to get 4Booi is obtained, 
yielding Bqoi = 0.3866 cm“\ 

The value of Booo cap. now be obtained more accurately than from the A2F" of the bands Ps and 
P 2 by determining B' — B" for ps in the manner described above. Since hei-o alternate lines are 
missing we have to form R^J) -b P(J) rather than i2(J — 1) -f P(./). According to (IV, 19) and 
(IV, 20), we have 

' P(J) + P(J) = 2pq +2B' + 2(P' - B")J(^J + 1). (IV, 29) 

In Fig. 114 i2(J') + jP(t/) + 0.005 J'(*/' 4- 1) for the band 7/3 is plotted against /(/ + 1). The slope of 
the straight line obtained gives 2{B' — B") -|- 0.005 = — 0.0008 from which, with the above Pooi 
value it follows that JSooo = 0.3895 cm-i.^ This value, as can be seen from the graphs in Fig. 113 and 
Fig. 114 can at the worst have an error of d=0.0002 cm“i, corresponding to 0.05 per cent, which is 10 
times the accuracy of the values obtained fi-om (IV, 21) using the same measurements (see p. 390). 
Applying the same method to obtain the B values of the lower states of Ps — 2p2, ps — px and of the 
upper state of P2 the values given in Table 128 are found [see Herzberg (434)3; the relative accuracy 
of these values is again greater than their absolute accuracy. 

The rotational constant as of CO2 is immediately obtained as the difference Pqqo — Soox = 0.0029 
cm In determining the rotational constants cxi and 0:2, account must be taken of two facts: (1) 
that the two levels 0, 2®, 0 and 1, 0®, 0 are in resonance with each other and (2) that the observed 
value for Poio refers to only one Z-doubling component (the upper states of P and R lines). This 
cannot therefore be used to obtain as. However, ax and 0:2 can be determined from the B 

^ This may be compared with the less accurate value 0.394 cm"! which follows from the rotational 
Raman spectrum (see p. 21). * 
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'V'u.lues of the two resonating levels vi and 2v2 if the constants and 6® in (IV, 15) or (II, 293) are 
kriLOwn. The values o® = 0.57 and 5* = 0.43 given by Adel and Dennison (37) give ai = 0.00056, 
= — 0.00062 cin”’'.® In view of the uncertainty of the values of a® and 5®, these a values are 
xiiicertain within ±0.00010 cm"^. 

Assunaing the above ot values we obtain, for the equilibrium position of CO2, 

Be = 0.3906 cm~i. 

The moments of inertia corresponding to Be and J5o are respectively 

le = 71,67 X 10-<° gm cm2 ^nd /[o] = 71.87 X IQ-^® gm cm^. 

JR (7) +P l/)4-0.005 J (jT+l) 



ri 


n 

/i|„] (cm-1) 

Obtained from 

0 

0" 

0 

0.3895o 

/iooi and B' — B" of v\\ 

0 

T {PR) 

0 

0.3899r. 

Bm) and B' - B^' of vz 

0 

2® 

o\ 

0.38996 

Boot and B' — jS"' of vz — 2vz 

1 

0® 

OJ 

0.3897i 

i?ooi and B' — B” of vz 

0 

0® 

1 

O.38660 

of vz — 2 v 2 and vz — vi 


The only other linear polyatomic molecules for which fairly extensive data are 
sjbvailahle are O 2 H 2 and C 2 HD. In order to save space we do not give all the 
■vitlues here; instead, we collect in Table 129 the Be, I[o], and lo values lor these 
ixs well as for all the other linear molecules investigated. 

Determination of internuclear distances: isotope effect. The data of greatest 
interest in connection with the geometrical structure of linear molecules are the 

® From the a-i value the value JSoio =• 0.39012 cm”^ is obtained whose difference from B^j^ is 
liulf the constant q of the I type doubling [sec ctiuation (IV, 14) ]. Thus we find q = 0.00034 
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Table 129. rotational constants i5roi and Be and moments op inertia /[oi 

AND le OP LINEAR POLYATOMIC MOLECULES.® 


Molecule 

B[o] (cm 1) 

Be (cm 1) 

7[o] (10~^® g cm®) 

le (10 g cm^) 

References 

HCN 

1.4784 

1.4878 

18.935 

18.816 

See text above 

DON 

1.2088 


23.159 


(125) (439) 

CO 2 

0,3895 

0.3906 

71.87 

71.67 

See text above 

CO 2 + 

0.38061® 


73.65 


(639) 

CS 2 

0.109211 


256.4 


(578) 

N 2 O 

0.418211* 


• 66.94 


(703) 

C 2 H 2 

1.17692 

1.1838 

23.786 

23.648 

(441) (339) 

CaHD 

0.99141 

0.9967 

28.237 

28.087 

(437) (439) 


internuclear distances. However, only in the case of symmetric linear triatoinic 
molecules XY 2 (point group Dooa) is it possible to obtain the internuclear distances 
directly from the moment of inertia of the molecule alone. This is because in this 
case the two internuclear distances that occur are equal and the moment of inertia 
is simply I — In this way the internuclear distances in CO 2 and CS 2 

given in Table 130 have been obtained immediately from the B values in Table 129, 
As usual, Te refers to the internuclear distance in the equilibrium position while ro 
is an average r value for the lowest vibrational state. 

In all cases other than symmetrical linear XY 2 , when there are two or more differ- 
ent internuclear distances, it is obviously impossible to determine them from one 
moment of inertia. In such cases, however, the investigation of the spectra of isotopic 
molecules may supply the necessary additional equation or equations. It is only neces- 
sary to assume that the potential function and therefore the internuclear distances 
are exactly the same in isotopic molecules. This assumption has been amply j ustified 
by the study of the vibrational isotope effect in polyatomic molecules (see Chapter II, 
section 6), and particularly by the study of the rotational and vibrational isotope 
effect in diatomic molecules. Except for diatomic molecules with low-lying excited 
electronic states (for which theoretically a slight difference of the order of 0.001 X 
cm is to be expected) it has always been found that the internuclear distance in 
isotopic diatomic molecules is the same within the accuracy of the measurements 
(± 0.0002 X 10-8 cm), in agreement with expectation.^^ Thus, since the linear 
molecules here to be considered have no low-lying electronic states, wc 
can be certain that the internuclear distances in isotopic molecules are the same within 
much less than 0.001 X 10 8 cm. It must be realized that this equality would be 
expected to hold exactly only for the equilibrium internuclear distances r^ but not as 
accurately for the average (effective) internuclear distances ro in the lowest vibra- 
tional level, since the amplitude of the zero-point vibration is different for different 

® Some of the moments of inertia given here are slightly different from those in the original 
papers because of the use of new conversion factors. 

From the ultraviolet emission spectrum j^Mrozowski (639) 

^ This value is from the ultraviolet absorption spectrum [Liebermann (678) 1. It seems to 
be more accurate than the infrared value 0.112 cm~i given by Sanderson (761) 

ii-^ Calculated from Plyler and Barker's (703) data by the author according to the method 
outlined m the text. 

“ potential functions are almost entirely determined by the 

electrons and the nuclear charges but are independent of the nuclear masses. 
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isotopic species. However, even for the tq the equality will hold within less than 
0.002 X 10-8 cm.i3 

As an example we consider the acetylene molecule (C 2 H 2 ) to which this method 
was first applied [[Herzberg, Patat, and Spinks (437)3. The moments of inertia of 
C 2 H 2 and C 2 HD obtained from the spectra are given in Table 129. 

The distances being designated as in Fig. 115, the moment of inertia of C 2 H 2 in 
terms of these distances is 

I = 2mca^ + 2mnV^. (IV, 30) 


The center of mass of C 2 HD is no longer in the geometrical center of the molecule 
but shifted toward the D atom (Fig. 115) by 



mp — mu 




(IV, 31) 


where is the total mass of the C 2 HD molecule. Using the theorem of parallel 
axes, we obtain for the moment of inertia 7* of C 2 HD about its center of mass: 

li = 2mcci^ + (wh + mp)?)^ — (IV, 32) 

If d is substituted from (IV, 31), we have two equations [(IV, 30) and (IV, 32)3 for 
the two unknowns a and h, from which we obtain 

6 = iKteC) + KC-H) = - ml) ' 

(IV. 33) 


where is the total mass of the C 2 H 2 molecule. If the le or 7o values of Table 129 
are substituted into (IV, 33) the internuclear distances r<.(C=C), re(C — H), and 
ro(C^C), ro(C — H) respectively, given in Table 
130, are obtained. According to the above the 
ro values involve a (very slight) systematic 
error, but the smallness of the difference between 
ro and r^ obtained shows that this error cannot 
be larger than a few thousandths of an Angstrom 
unit, particularly if it is remembered that the ro 
values should be slightly larger than the 
This shows that even in cases in which 7« cannot be determined the error introduced 
by using 7o will not be more than the amount given. 

It would be very interesting to obtain the moment of inertia le (or 7o) of C 2 D 2 , 
since it would supply an additional eiiuation for the two internuclear distances 

/(C 2 D 2 ) = 2mca^ + 2mpfe2, (IV, 34) 

which would giye a check of the values determined from C 2 H 2 and C 2 PIU. 

Even in sucli an unfavorable case as the pair HCl and DCl the To values are as close together 
as 1.2839 and 1.2816 respectively, whereas for both is 1.2747 X 10”® cm. 

The fact that the difference between rfl(C^=C) and to(C===C) comes out larger than the differ- 
ence between re(C— H) and tqCC — H), whereas the opposite would be expected, is apparently due 
to the non-exact validity of the assumption of equal To values in the two isotopes. 


H 

o- 


C 




c 

-o- 


IT 




-oM 


r 


c 




Fkk 115- Dimensions of C 2 H 2 and 
CaHD* — The X indicates the position 
of the center of mass. 
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In a way similar to the above the internuclear distances /•(C^N) and r(C- H) 
in HCN given in Table 130 have been obtained from the moments of inertia of HCN 
and DCN of Table 129 Csee Herzberg, Patat, and Verleger (439)]- In this case, 
since Be of DCN has not yet been obtained, only the Tq values can be evaluated. 
The close agreement of the CH distance in C 2 H 2 and HCN is very remarkable.^*’ 


TABIiE 130, IISTEKISrXJCLEAR DISTANCES IN IiINEAR POLYATOMIC MOLEC0LBB OBTAINEI> PBOM 
THEIR ROTATION-VIBRATION SPECTRA AND COMPARED WITH THOBK IN 
the CORRESPONDING DIATOMIC MOLECULES. 






CoTTcspondinK diafoinit*. molecule 

Molecule 


Bond 

® cm) 

ro(10 “ cm) 




r^(10-“ cm) 

roClO^^ cm) 





CO 2 

r(C=0) 

1.1615 

1.1632 

1.1284 

1.1310 

CO 2 + 

r(C=0) 

— 

1.1767 



CS 2 

r(C=S) 

— 

1.554 

1.636 

1.538 

C2H2(C2HD) 


rr(C^C) 
lr(C— H) 

1.2028 

1.0597 

1.2074 

1.0597 

1.3121 

1.1201 

1.3155 

1.1305 

HGN(DCN) 

i 

[r(C=N) 
[r(C— H) 

— 

. 1.1674 

1.0587 

1.1721 

1.1201 

1.1747 

1.1305 


It is interesting to compare the internuclear distances of the linear polyatomic 
molecules with those of the corresponding diatomic molecules or radicals. For this 
purpose the last two columns in Table 130 are added. It is seen tliat while for CO 2 
and CS 2 the internuclear distances are larger, in C 2 H 2 and HCN they are smaller 
than in the diatomic molecules. 

For ]Sr20, since no isotopic molecule has been investigated, the individual internuclc'iir distances 
cannot be determined. It is only possible to say that r(N — O) + r(N — N) :S 2.324 X 10““ (sm. 
Electron diffraction data by Schomaker and Spurr (770a) give r(N — O) + ^(N — N) *= 2.,32 ± 0.02 
X 10“® cm; but this additional datum is not sufficiently accurate to determine the individiml distances 
since slight variations of r-(N— O) + r(N— N) within the accuracy of the electron tliffru<!tion data, 
if combined with the J[o] value of Table 129 lead to large variations of r(N — O) and r(N — N) [for 
example for r(N — O) -f r(N— N) = 2.320 one obtains r(N — O) = 1.198 and r(N — N) « 1.123 while 
for r(N — O) + r(N — N) = 2.300 the values r(N — O) = 1.366 and r(N — N) = 0.934 X 10"“ (an 
are found]. 

(c) Raman spectrum 

Selection rules. J ust as for the infrared spectrum the vibrational 8ele(?tion rules 
for the Raman spectrum are in a good approximation unchanged by the iiiteractiori 
of vibration and rotation (see Table 55), and the rotational selection rules are the 
same as for diatomic molecules, that is, when T, is zero in both upper and lower 
vibrational state, 

A/ = 0, =b 2, (IV, 35) 

and when I is different from zero in at least one of the states, 

AJ = 0, ± 1, ± 2. (IV, 36) 

AU values are based on the same conversion factors (see appendix p. 638). 

16 If it is assumed that r„(CH) in HCN is the same as in C 2 H 2 , /«(HCN) (of Table 129) giv(‘8 
r.(CN) = 1.153 X 10-8 0 ^^ 
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In addition, 

we have the symmetry rules 



-j- , s<+> a 

(IV, 37) 


a,nd the restriction J' + /" > 0 [see Placzek and Teller (701] 


Types of Raman bands. From the lowest vibrational level (S+) only the vibra- 
tional Raman transitions 2+ — 2+, II— S+, and A— S+ can take place (for mole- 
cules the subscript g should be added to each species symbol). Of these transitions 
is the most important since the totally symmetric (|1) vibrations will give 
strong Raman bands of this type. According to (IV, 35), such 2+ — 2+ Raman transi- 
t%ons consist of an S, a Q and an 0 branch, each of which, in the case of molecules, 
would have the usual intensity alternation. As in the case of the infrared ± bands, 
a,ll the lines of the Q branch fall almost together, since B' — B" is very nearly zero. 
The resulting Raman 'Tine" is much stronger than the individual lines of the 0 and 
aS branches. 

The JL vibrations will give Raman bands of the type 11 — ^2+ (only being 
Itaman active for Dooh molecules). For these transitions, in addition to S, Q, and 0, 
Cl P and an R branch (AJ = db 1) also occur (each with intensity alternation for Dooh 
roLolecules). However, Placzek and Teller (701) have shown that for these transitions 
tlie <3 branch is extremely weak, only its first line being comparable in intensity with 
■fclTLe first lines of the other branches (which are not their strongest lines). Thus these 
XI — 2+ Raman bands would not have the very strong and sharp central ‘Tine," 
and even under fairly low dispersion they would appear as broad bands, possibly 
with two maxima. 

Raman transitions of the types A — 2"*' (for example, the first overtone of a J_ 
vibration) and 11 — 11 (for example, the second band in a sequence that starts out 
with a 2 — 2 band) have also the five branches 0, P, Q, R, S, but for them the Q branch 
is again very strong, as for 2 — 2 bands, and forms a characteristic strong central 
'' line." l^or Dooh molecules the II — 11 bands, like the 11 — 11 infrared bands, do 
not show an intensity alternation in the branches, at least as long as the Z-doubling 
is not resolved. 

Placzek and Teller (701) have given explicit expressions for the intensity distribu- 
tion in the branches of all the various types of Raman bands. 

■ Observed Raman bands. Unfortunately, up to the present time the rotational 
structure of no vibrational Raman band of a linear polyatomic molecule has been 
resolved. Usually only the line-like Q branches of the || bands are observed, the 
individual lines of the S and 0 branches being too weak to be recorded even as 
nnresolved maxima. This explains, at the same time, why the Raman bands are 
nsiially so nearly like lines. However, Bhagavantam and Rao (150) (151) have 
found in gaseous C 2 H 2 a weak broad doublet band which fits very well the Raman- 
ii,ctive J_ fundamental v^, and which would confirm the above theory, according to 
which the Q branch in such a band should be practically missing. The absence of 
t he (line-like) Q branch accounts also for the apparent weakness of this band. The 
siime reason explains also the fact that the perpendicular vibrations of HCN and 
JST 2 O have not as yet been observed in the Raman spectrum. 
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2. Symmetric Top Molecules 

(fit) Energy levels 

Non-degenerate vibrational states. While in a zero approximation the energy of 
a vibrating and rotating symmetric top is simply the sum of the vibrational energy 
and the rotational energy (I, 20) of a rigid symmetric top, in higher approximation 
we have to take into account that both moments of inertia Ib and I a change periodi- 
cally during the vibration. In a first approximation (just as for linear molecules) 
we can apply the formulae for the rigid symmetric top if we use as rotational constants 
B and A the average values and Aiv] during a vibration, which differ in general 
from the equilibrium values Be = hlSri^clB^ and Ae = VSttWa®. As in the case of 
linear molecules, we expect the following relations to hold: 



(IV, 38) 
(IV, 39) 


where di is the degree of degeneracy of the vibration Vi {di = 1 or 2). For the 
present we consider only non-degenerate vibrational levels, since for the degenerate 
levels another fairly large coupling effect comes in. To be sure, in such a non- 
degenerate level, one or more degenerate vibrations may be excited. 

According to the above, then, the total energy of vibration and rotation of a sym- 
metric top molecule (as long as the vibrational state is non-degenerate) is given by 


T — (r(wi, W2, ^3,- ' •) + F[v]{J, K), (IV, 40) 

where Cr(yi, v^, vz, ■ * •) is given by the previous equation (II, 281) and 

F[„](J, K) — J5[„]J(J' + 1) -f- (Am — 5m)K2 (IV, 41) 

According to (IV, 41) we have for each (non-degenerate) vibrational level a set 
of rotational levels as in Fig. 8, p. 25, but the spacing is slightly different in the 
different vibrational levels. Also the restrictions on the J and K values are the 
same as in Fig. 8. 

According to (IV, 38-39), just as for linear molecules, even the rotational con- 
stants B[o] and A [o] for the lowest vibrational state differ slightly from the values Be and 
Ae which correspond to the equilibrium position. The moments of inertia and inter- 
nuclear distances obtained from B [o] and A [o] are therefore not exactly, even though 
fairly closely, the equilibrium values. 

In addition to the above effect of the interaction of rotation and vibration there 
is also centrifugal distortion. As discussed in Chapter I [see equation (I, 27) in 
the vibrationless state the terms — DjJ^{J -j- 1)^ — DjkJ{J + 1)^^ — DkK‘^ have 
to be added to (I, 20) [see Slawsky and Dennison (795)]. Similar terms with slightly 
altered coefficients would be expected here in addition to the terms in (IV, 41). The 
effect of these terms on the rotational levels of the higher vibrational states would 
of course be quite similar to the effect on the vibrationless state discussed in Chapter I. 
Up to the present time no data accurate enough to detect the influence of these terms 
in rotation-vibration spectra are availablej we shall therefore in future always 
neglect them. 
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The above considerations apply equally to the case of a molecule that is a sym 
metric top because of symmetry (such as NH 3 and the methyl halides) and to tht 
case of a non-symmetrical molecule for which two of the principal moments of inertii , 
happen to be equal. The formulae (IV, 38) and (IV, 39 ) have been proved mor > 
rigorously on the basis of the wave equation for planar and pyramidal XY3 molecules 
by Silver and Shaffer (790) and Shaffer (776) respectively, for axially symmetric 
XYZ3 molecules by Shaffer (777) and for the general case by Nielsen ( 666 ). These 
authors have also given explicit formulae for the and o:,-® in terms of the geo- 
metrical and potential constants of the molecule. As for linear molecules, the ai 
are sums of harmonic, anharmonic, and Coriolis contributions [^see equation (IV, 12 )]]. 
Silver, Shaffer and Nielsen have also found that a constant term — and — ao^ 
should be added at the right of (IV , 38—39) . However, it is of the order of magnitude 
of the rotational constants Dj and can therefore practically always be neglected.^’^ 

Degenerate vibrational states. We shall consider here only the case of necessary 
degeneracy, and not the case of accidental degeneracy. Degenerate vibrational 
states occur for all molecules that are symmetric tops because of their symmetry 
(see Chapter II, section 3). Tor such degenerate states, as was first recognized by 
Teller and Tisza (837) (836), the influence of the Coriolis force is in general much 
larger than it is for the non-degenerate states or for the degenerate states of linear 
molecules. 

As we have seen above, for linear molecules the Coriolis force produces an inter- 
action of two vibrations of different species, which increases with increasing rotation 
and results in a contribution to the rotational constant a. This contribution is 
small as long as the interacting vibrations have rather different frequencies. Tor 
symmetric top molecules this same effect also occurs and is responsible for part of 
the rotational constants oci. But in addition, since now a rotation about the top 
axis may occur, the Coriolis force may produce an interaction between the two com- 
ponents of a degenerate pair of vibrations. 

Tor example, consider the component v^a of the degenerate vibration of the tri- 
atomic molecule X 3 of point group D^h (equilateral triangle) shown in Fig. 116a. 
For a counter-clockwise rotation of the molecule the Coriolis forces are as shown by 
the broken arrows. It is seen from the figure that they tend to excite the other 
component v^b of the degenerate vibration (see Fig. 32), and, since the two components 
have the same frequency, the transition from the one to the other mode of motion 
(and back) will occur very quickly.^® Therefore, the influence on the energy levels 
will be large and cannot be considered as a second-order effect. 

The result of this strong Coriolis interaction is a (first-order) splitting of the de- 
generate vibrational levels into two levels whose separation increases with increasing 
rotation (A) about the top axis and is zero for K = 0 . As usual in wave mechanics, 
the two component levels cannot be described by the two modes v^a and v^b given 
in Tig. 32 (or rather the corresponding eigenfunctions), but by a linear combination 
of the two, such that they no longer influence each other. Such modes are, in the 

It may be noted that Silver and Shaffer’s (790) oci and Pi correspond to our oti^ and cti^ — oti^ 
respectively, whereas in the papers by Shaffer (776) (777) and pn correspond to our —ai^/Be 
and —oci-^IAe. 

In fact, it is easily seen that after a rotation by 90°, if the displacement vectors retain their 
direction in a fixed coordinate system, the first mode goes over into the second. 
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above example, the clockwise and counter-clockwise circular oscillations (see Eig. 
116b and c and p. 75f.). While without rotation about the top axis these two 
oscillations have the same energy (frequency), with increasing rotation they have 
increasingly different energies, because in the one (circular oscillation opposite to 
rotation) the Coriolis force acts as an additional restoring force and increases the 
frequency, whereas in the other (same sense for circular oscillation and rotation) the 
Coriolis force is opposite to the restoring force and decreases the frequency. 

Fig. 116b and c show that there is a vibrational angular momentum about the 
symmetry axis in each component level of the degenerate vibration (independent of 




Fig. 116. Coriolis forces during the degenerate vibration of an X 3 molecule. 

the rotation of the molecule), and we may also consider the splitting that occurs 
with increasing Z as a consequence of the interaction of the angular momentum due to 
vibration with that which is due to ordinary rotation about the top axis. 

It must be realized that in the present case the vibrational angular momentum 
is much larger than the vibrational angular momentum arising from Coriolis inter- 
action with other vibrations as discussed previously for linear molecules (the ellipses 
in Fig. 101 are very narrow). In the previous case it decreases to zero as the speed 
of rotation goes to zero, whereas in the present case it persists even for no rotation 
since the two circular oscillations are solutions to the pure vibrational problem 
(see Fig. 27b). 

It can be shown (see below) that the magnitude of the vibrational angular mo- 
mentum in a degenerate vibrational state in which only one degenerate vibration Vi 
is singly excited is ^i{hl2Tr) where 0 ^ Ifi] ^1. In the above example (Fig. 116) 
it can be shown Csee Teller (836)3 that [fil == 1, since the nuclei move in circles whose 
planes are perpendicular to the axis of symmetry. However, in other cases when 
the molecule has more than one degenerate vibration, values of the constant of 
the vibrational angular momentum intermediate between — 1 and ■+■ 1 or even equal 
to zero may occur. For example, consider the two degenerate vibrations and vi 
of BF3 (point group Dsa) given in Fig. 63. By superimposing vza and v-^h (and 
similarly v^a and Vif) with a phase sliift of 90°, an elliptical motion of each F nucleus 
is obtained (compare also Sza and Szv of pyramidal XY3 in Fig. 58). For different 
masses of the nuclei and different potential constants different eccentricities are 
obtained, that is, different values of fi. The maximum value of is obtained 
when a circular motion of each nucleus results, as for example when the masses 
and potential constants are such that the Y3 triangle moves as a whole against 
the X atom (compare and vn of X3Y3 in Fig. 36). On the other hand, when 
in both degenerate components of a vibration the nuclei move in the same line, 
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no superposition will give a vibrational angular momentum; for example, for 
of Xs (Fig. 38) and vz of Xe (Fig. 40). In these cases — 0, even 'independent 
of the masses and potential constants, since there is only one vibration of the par- 
ticular species. When there is more than one degenerate vibration of a certain 
species, the exact value of for each depends in a complicated manner on the masses 
as well as the potential constants and the geometrical dimensions (see below). 

According to quantum theory the component of the total angular momentum 
along the axis of any symmetric top must be an integral (or, for an odd number of 
electrons, half integral) multiple. of The fact that in general the vibrational 

angular momentum is not integral means, therefore, that the purely rotational 
angular momentum about the top axis is likewise not integral ; but still the sum of 
the two is integral (^X/i/2'n-). 

According to Teller (836) and Johnston and Dennison (476), the formula for the 
rotational energy levels in a vibrational state of a symmetric top molecule in which 
one degenerate vibration Vi is singly excited, in consequence of the above described 
Coriolis coupling, is not (IV, 41) but 

Ft„](./, K) = 5[,,]J(J + !)-}- (A[„] - rp 2AMCiK, (IV, 42) 

which differs from (IV, 41) only by the term =F2Aivi^iKf^°- The — sign in this term 
applies if the vibrational angular momentum p has the same direction as the rota- 
tional angular momentum, whereas the -f sign applies if they are opposite in direc- 
tion. This additional term gives a splitting that increases linearly with increasing,. E. 
One of the component levels has a factor of its eigenfunction, the other the 

factor where I is the previously introduced quantum number of degenerate 

vibrations (p. 81), which here has the value I — 1 since Vi = 1. For convenience 
we shall distinguish the two levels as +Z and —I levels. In Fig. 117 is given a 
schematic energy-level diagram for such a case, which should be compared to Fig. 8. 
Each level shown in Fig. 117 is still doubly degenerate, the levels with K 9 ^ Q because 
of the two possible directions of K, those with X = 0 because of the vibrational de- 
generacy which, according to (IV, 42), is not removed for K = The splitting is 

the same for all levels with a given K. 


The energy formula (IV, 42) can be easily proven Dee .Tohnston and Denniaon (476]] on the 
basis of the rotational part of the total rotational- vibrational energy (II, 279) of the molecule (in 
which only the dependence of the moments of inertia on the normal coordinates is neglected) : 


Hrot '■ 


(P* - . (Py - P„)^ , {P. - Pzf- 


21 * 


+ 


2/)/ 


+ 


2 /. 


(IV, 43) 


Here Px, Py, Ps are the components of the total angular momentum, px, py, pz those of the vibrational 
angular momentum. In the present case lx — ly = hi, Iz = I a, Px — Py — 0. In addition we 
put pz ~ P. or —p, dei^ending on whether the vibrational angular momentum p is parallel or 
anti{)arallel to the z axis. Wo may then write, instead of (IV, 43): 


11 rot 


(P / + Py^ + P z^) 
2ht 



P2_ P^ 

21s^ 1 a '^21a' 


(IV, 44) 


i8!i While (IV, 42) appears to be a, reasonable extension of the formulae given by Teller and 
Johnston and Denniaon who neglected the dependence of B and 4, on ■«<, Shaffer and Nielsen in their 
papers use An in the term ‘2A^iK, not A[„] as has been assumed hero. 

It should be noted that the levels with K ~ 0 are not missing even though f 0. This is 
because K is the sum of the angular momenta due to pure rotation and to vibration. If the former 
is opposite and equal to the latter we have K = 0. 
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Using this classical expression for the energy as the Hamiltonian in the wave equation, the energy 
formula (IV, 42) is immediately obtained by putting 

+ Pi,® ^ + ^ ^ ^ 

if the last term ^V2Ix in (IV, 44) is omitted, which is legitimate since it does not depend on the rota- 
tional quantum numbers and can therefore be combined with the vibrational part of the energy. 


J j+i -I +1 -i +•» -I +1 -i +/ -/ +/ -/ 



Fig. 117. Rotational energy levels of a symmetric top molecule in a doubly 
degenerate vibrational state with > 0. 


As for linear molecules, the components px, py, pz of the vibrational angular momentum arci given 
by equations of the form of (IV, 11), where the fi* are constants depending on the equilibrium 
internuclear distances, force constants, and masses. However, here may bo different from zero 
even when i and k refer to two components of a degenerate vibration. These are the used above, 
which result in a first-order energy change, whereas all other give only a se<!ond-order change, 
that is, a contribution to the rotational constants ai. Silver and Shaffer (790) and Shaffer (77(5) (777) 
have given explicit (rather complicated) formulae for the fi in terms of the masses, force csonstanta, 
and internuclear distances for the case of planar and pyramidal XYa molecules and axial XYZa 
molecules Caee also Jahn (468)3- 

While the prediction of the values usually requires the knowledge of more 
molecular constants than are actually known, the sum of the values for all vibrations 
of the same species, as was first shown by Teller (836), is independent of the potential 
constants, and can be expressed as a very simple function of the moments of inertia. 
According to Johnston and Dennison (476) [see also Silver and Shaffer (790) (776) 
(777)3, one obtains (using an extreme and simplified force field, since the f sum is 
independent of it) for axial XY 3 molecules (pyramidal or planar) 

Ia B 

^ 1 “ 51 - 


(IV, 46) 
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and for axial XYZ3 molecules 


^4 4- Ts + ^6 = 


Ia, 

2Jj3 


A 


For planar XY3 molecules, since I a. = 21 b, (IV, 46) simplifies to 

Ta + ^4 = 0 or Ts = — ^ 4 . 


(IV, 47) 

(IV, 48) 


For XgYe molecules of point group Uzh or Dzd (such as ethane) according to Howard 
(461) the relations 


r? + i's + To = 0 and ^lo + tii + ^12 = 0 (IV, 49) 

hold. For the numbering of the vibrations in the four cases see Figs. 45, 91, 63, 
and 49 respectively. ’ ’ 

It must be realized that the may be positive or negcutive even though the energy 
according to (IV, 42) depends only on the magnitude of fi. But for positive the 
lower component levels are +Z levels, the higher the — Z levels, as in Fig. 117, while 
for negative U the reverse is the case. It can be shown [see Teller (836)] that for 
positive the direction of rotation of the dipole moment during the vibration coincides 
with the direction of the vibrational angular momentum, while for negative Z'i they 
have opposite direction. The direction of rotation of the dipole moment is the same 
as the direction in which the whole vector diagram of one linear component vibration 
has to be rotated in order to obtain a second one which, superimposed on the first 
with an appropriate positive phase difference, gives the rotational oscillation. 

If there is only one vibration of a certain (degenerate) species its ft value is 
independent of the force constants. For example, for the X3 molecule, the only 
degenerate vibration has fa =^- 1 (see above). It can be seen from Fig. 33a that 
the superposition of and of Fig. 32 with a phase difference of 120° gives the 
clockwise rotational oscillation in Fig. 116b, while arises from by a counter- 
clockwise rotation through 120°. 

It must be emphasized that the above sum rules for .t, like the product rule for the 
isotope effect, hold rigorously only as long as anharmonicity can be neglected and no 
resonances occur. 


In all tho abovG considerations wo have assumed tliat only one degenerate vibration is singly 
excited. If several (doubly) dGooncrate vibrations are niultvply excited, =F 2Aiv]iiK in (IV, 42) has to 
be replaced by 

- 2A[„] X (± UU)K, (IV, 60) 

% 

as has been shown in detail for XY* molecules by Silver and Shaffer (790) and Shaffer (776) and for 
XYZs molecules by Shaffer (777). Here li is the quantum number introduced previously (p. 81), 
which assumes the values Vi, n — 2, V{ — 4, - - 1, or 0. Since there are always two values of 

2/ ( ± i-ik) equal in magnitude but opposite in sign, wo have again a splitting of each degenerate 
vibrational level into two (+i and -I level) for X 0, as in Fig. 117, the splitting increasing with 
increasing if. 

When a degenerate vibration vi is doubly excited we have Z»- = 2, or 0, and therefore S (=fc fZi) 
= 2fi or 0 respectively. Thus the substate 2ri(E) has twice the splitting of vi(e) while of 
TOurso the substate 2vi(Ai) does not split. For the state 3vi we have Z» = 3 and 1, corresponding to 
2/ ( zb fZt) = zb and zbfi. Thus the su1)state gives the same splitting as vi while the 

sul)states 3»'i(Ai) and which together form the state == 3 will split by three times this 

amount. But it must be rememljered (see p. 219) that the two states SviCAi) and Sv^A^) may have 
different energy even without rotation. In this case, therefoi-e, the k degeneracy can be removed 
both by Coriolis interaction of rotation and vibration and by Fermi interaction of different vibrations. 



406 


INTERACTION OE ROTATION AND VIBRATION IV, 2 

If two degenerate vibrations are singly excited, say in the state vi -\~ vh, S (± ^iU) has the 
values ± (ft + ffc) and =b (fi — ft), the first corresponding to the substate vi + vk(E), the second 
to the two substates vi + j't(Ai + -4.2)- The additional excitation of non-degenerate vibrations does 
not influence the f values^ * 

It should be mentioned that for the higher vibrational levels the fi cannot be expected to be 
exactly the same as for the fundamentals. Rather we expect a dependence of the fi on the Vi similar 
to that for and Dj,: 

f^.M _ 2 ofif 

The sum rule holds rigorously only for the fi®. However, this effect has not as yet been discussed 
theoretically and the experimental data are not suiRcient to establish it. 

, Symmetry properties of the rotational levels. For a molecule that is accidentally 
a symmetric top the only symmetry property of the rotational levels is the property 
“ positive’* or negative” ] that is, the total eigenfunction remains unchanged or changes 
sign for a reflection at the origin. If the molecule is non-planar, each of the levels 
considered in the preceding discussion has a positive and a negative sublevel which 
may be considered as coincident for most practical purposes (however, see below); 
if the molecule is planar, the levels are partly positive and partly negative, as indi- 
cated in Fig. 8 b for the case in which the electronic and vibrational state is totally 
symmetric. In a non-totally symmetric vibrational (electronic) level, the property 
positive-negative will be reversed compared to Fig. 8 b if the vibrational (electronic) 
eigenfunction changes sign for an inversion (obtained by one of the symmetry opera- 
tions followed by a rotation about the top axis). 

If the molecule is a symmetric top because of having a more-than-two-fold axis 
of symmetry, additional symmetry properties of the rotational eigenfunctions have 
to be considered, since certain rotations are symmetry operations, depending on the 
point group to which the molecule belongs. All the symmetry operations of a point 
group that are equivalent to rotations form the rotational subgroup. For example, for 
the point group Csv the rotations about the three-fold axis belong to the rotational 
subgroup, but not the reflections at the three planes of symmetry. The rotational 
subgroup is therefore C 3 . Similarly, in other cases the rotational subgroup has all 
the p-fold axes of the point group considered but no other elements of symmetry. 
Thus the rotational subgroup of Dzn is Dz', of it is Dz] of T^, it is T] and so on. 

Similar to the case of the vibrational eigenfunctions, the rotational eigenfunctions 
may belong to any one of the symmetry types (species) of the rotational subgroup. For 
example, for the rotational subgroup Cz of Czv we have the species A and E (see 
Table 25). Thus the rotational eigenfunctions of molecules such as NH3 and CH3F 
are either of species A or of species E. The rotational eigenfunctions of molecules 
such as CsHe (cyclopropane) and CaHe (ethane) can have the species Ai, A-z, and E, 
and similarly in other cases. 

The eigenfunctions of the symmetric top may be written Qsee equation (I, 26)] 

4'r = CjKM(-d-)‘e^^^ (IV, 51) 

where (p is the angle of rotation about the top axis. It is immediately clear that if <p 
increases by 2x/3 the rotational eigenfunction will remain unchanged if K is a 
multiple of 3.^'' In the ease of a molecule of point group Czv (or Cs*, or Cf) the rota- 

^ This holds irrespective of the symmetry of the molecule* But only for molecules with a three- 
fold axis will it lead to any consequence (see further below). Similar statements can of course be 
niadc for rotations by 2tc[p for any p if J? is a multiple of p. 
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tional eigenfunctions for /C =. Zq {q 0, 1, 2, *-•) have therefore the species A of 
the rotational subgroup. This holds for both components of the doubly degenerate 
rotational levels when K Q. If if is not a multiple of 3 (E: = 3g =fc 1) the rota- 
tional eigenfunction does not remain unchanged, that is, it is of species E. These 
symmetry properties are indicated in the energy-level diagram, Fig. 118a where for 
the present case the difference between Ax and Az should be disregarded. Similar 
considerations apply to other point groups [see Wilson (933) and below]. 

W^hat matters for the selection rules is not the species of the rotational eigen- 
function alone but the species of the total eigenfunction (over-all species) . Correspond- 
ingly a rotational level of a molecule of point group is said to be of species A or 
E depending on whether the total eigenfunction (exclusive of nuclear spin^ see 
below) is of species A or E with respect to the rotational subgroup C 3 of Cs^,, and 
similarly for other point groups.^’- 

In order to find the over-all species we have to remember that 

^evr == 4'e*Pv4^r “1“ H^evr, (IV, 52) 

where are the electronic, vibrational, and rotational eigenfunctions and 

ip'evr is a small correction term corresponding to the mutual interaction of the three 
motions. The species of xpew is therefore that of the species of the product ^e'Pvpr, 
which is obtained by multiplying'’ the species of i'v, and ipr in the same way as 
was explained previously for the derivation of the species of the higher vibrational 
levels (see Chapter II, section 3e). In the case of the rotation-vibration spectra, 
pe is practically always totally symmetric, and therefore we need only determine the 
species of The species of py with respect to the rotational subgroup is im- 

mediately obtained from the species with respect to the complete point group simply 
by dropping the indices that distinguish species which have the same characters for 
all p-fold rotations. Thus both species Ax and species Az of C 3 ,, (and similarly A' 
and A" of Czh) belong to species A of the rotational subgroup C 3 , and of course E 
of C 3 „ (and Czh) remains E of C 3 . Similarly A/ and Ai" of Dzh belong to Ai of the 
rotational subgroup Dz, Az' and Az" to Az, and E' and E" to E. 

If for a molecule of point group Czy the vibrational state has species Ax or Az 
(either of which is totally symmetric with respect to the rotational subgroup), the 
rotational levels are of. species A or E depending on whether the rotational eigen- 
function is of species A or E, that is, the species are those given in Fig. 118a, ignoring 
the subscripts 1 and 2 of ^4. However, if the vibrational state is of species E the 
situation is different. For the rotational levels whose pr is of species A (that is, for 
the levels K = Zq), the product pvpr (and therefore pePvPr) is of species A X E ~ E 
(see Table 31). For the rotational levels whose pr is of species E (that is, for the 
levels K ~ Zq 1), the product pvpr (and therefore pepvpr) has species E X E 
= A -Y A E (see Table 33). In the first case (K = Zq) there are, except for 
K = 0, two levels of species E for each J, whereas in the second case (JS = 3g ± 1) 
there are three levels, two of species A and one of species E (doubly degenerate). 
Without the influence of the Coriolis force the sublevels with a given J and K ^ 0 
have the same energy. But if the Coriolis interaction is taken into account they split 
into two levels: each of these, for K — Zq, is doubly degenerate (species E); for 
K = 3g =t: 1, only one of the levels has species E (for K — Zq -- 1 the level. 

It -will be recalled that also for linear molecules the symmetiy or — and s or a of the rota- 
tional levels depends on the symmetry of the total eigenfunction (exclusive of nuclear spin) . 
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Fig. 118. Symmetry properties of the rotational levels of molecules with a three-fold axis 
(a) in a totally symmetric vibrational state (b) in a degenerate vibrational state. — The species indi- 
cated refer to molecules of point groups D^, Dzd and Da. If the subscript 1 or 2 of ^ is dropped 
they apply to molecules of point groups Csv. Csh and C 3 . For point gi-oups D;,*. Du, Cs,„ and C 3 A 
part (a) of the fipre applies also to Ai", Ai„, and A" vibrational states respectively. For ^ 2 '. 
a .2 ot Lfsh and A^g, Azu of Du the figure applies if Ai and A 2 are interchanged. Only those levels 



IV, 2 


SYMMETRIC TOP MOLECULES 


409 


for X = 3g + 1 the ~l level), while the other consists of two coinciding levels of 
species A. This is shown in Fig, 118b, again ignoring the subscripts 1 and 2 . The 
degeneracy of the rotational levels of species E persists even if all interactions are 
baken into account, whereas the pairs of coinciding levels of species A may split 
[^see Wilson (934) and below]. We call the latter splitting i?-type doubling. It is 

indicated in Fig, 118, but has not as yet been observed. 

For a molecule of point group Dzn (and similarly Dzf) we have the rotational 
species Ax, A^, and E (see above). The rotational eigenfunctions for K — 0 are of 
species Ax for even J and of species A^ for odd J, since 4'r changes sign for a rotation 
by 180 about an axis perpendicular to the symmetry axis when «/ is odd but remains 
unchanged when J is even. For K = d there is a function of species Ai 

and one of species Az for each J, whereas for Z = 3g =t 1 as before the is of species 
JE. From this the over-all species of ^e4^v4'r can be determined in the same way as 
above. The result for the vibrational species ^i'. Ax", E', E" is shown in Fig. 118, 
now taking account of the subscripts 1 and 2 . For AY and AY' vibrational levels 
the j4i and Az in Fig. 118a would have to be interchanged. Other point groups have 
been considered by Wilson ( 933 ) . 

We have now to consider the influence of nuclear spin and statistics. Let us first 
consider the case of zero nuclear spin of the Y nuclei in a non-planar molecule XYs 
of point group Czv (the same considerations would also apply to any Cz-o molecule if 
all identical nuclei have zero nuclear spin). The rotation of the molecule by 120® 
about the top axis is equivalent to two successive exchanges of two pairs of identical 
nuclei. Therefore, for Bose or Fermi statistics of the identical nuclei the total eigen- 
function must remain unchanged; that is, all those energy levels in Fig. 118 whose 
eigenfunctions do not remain unchanged for such a rotation cannot occur. Only the 
levels with over-all species A occur for zero nuclear spin of the identical atoms; that is, 
for non-degenerate vibrational states only those with K = 3q, and for degenerate 
vibrational states only half of those with X = 3g ± 1 . For a plane XY 3 molecule, 
in addition, a rotation about one of the two-fold axes is equivalent to the exchange 
of two identical nuclei. Therefore, for Bose statistics of the identical nuclei of spin 
zero only the Ax levels in Fig. 118 can occur, since only for them do the eigenfunctions 
remain unchanged for such a rotation, that is, such an exchange of nuclei. For 
Fermi statistics only the A^ levels in Fig. 118 would occur, since the eigenfunction 
must be antisymmetric with respect to an exchange of identical nuclei. However, 
actually, nuclei with zero spin and Fermi statistics do not exist, so that only the first 
case is realized. Thus in molecules like SO3, COs”, if they have point group Dzh 
(as is very likely), in the non-degenerate vibrational states only the rotational levels 
with K == 0, 3, 6, 9, • • • occur (and for K = 0 only those with even J). while for 
degenerate vibrational states only the rotational levels with K = 1 , 2 , 4 , 5 , 7 , 8 , • • • 
occur, and of these only one sublevel for every J (see Fig. 118). 

Similar considerations apply to other molecules with identical nuclei of spin zero 
(and Bose statistics). Always only the rotational levels of totally symmetric over-all 
species occur. 

If the spin of the identical nuclei is different from zero, the function f/evr in (IV, 52) 
is no longer the total eigenfunction, but we have to add a factor -ij/g, the nuclear spin 

a.re drawn Beparately thiit at least in a sufficiently high approximation form separate levels. The 
M levels arc doubly degenerate, but do not split in any approximation. The K values given at the 
bottom refer to both (a) and (b). The oblique arrows indicate the possible transitions (see p. 429) • 
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function (compare the analogous situation for diatomic molecules, Molecular Spectra 
I, p. 144f.). The important point is that by the inclusion of this factor the total 
eigenfunction can be made to have the proper symmetry with respect to an exchange 
of any two identical nuclei (symmetric for Bose, antisymmetric for Fermi statistics), 
even though and therefore ifevn does not have the proper symmetry. There- 

fore, in general all rotational levels (for example, in Fig. 118) can occur although with 
different statistical weights. Here the statistical weight is the number of independent 
eigenfunctions for the level considered. 

We shall consider in somewhat more detail only the case of the molecule XYs 
with the spin 7 = | of the identical Y nuclei, both for the planar and non-planar 
case Qsee Wilson (933)]. The same considerations apply also to axial XYZ 3 mole- 
cules. There are eight possible orientations of the three spins, as shown in Fig. 119 ; 
that is, there are eight different spin functions The first and last of these are 
totally symmetric with respect to all rotations permitted by the symmetry of the 
molecule; that is, they have species A or for Czv or Dzj, respectively. Any permu- 
tation of the nuclei that is equivalent to a rotation leaves these functions unchanged- 
Although this is not the case for the remaining six functions, there are two linear 
combinations of them, namely 

that are totally symmetric. The four remaining spin functions that are linearly 
independent of the four just considered (for example are de- 

generate, since they change by more than just the sign for at least one 
1 J of the permutations that are equivalent to rotations. Thus we have 
Mil four totally symmetric and two doubly degenerate spin functions 
n t t j- respectively). 

The species of the total eigenfunction is obtained from the species 
of V'ff S'lid of rpevr (that is, here, of since is assumed to be totally 
symmetric) in the same way as the species of is obtained from, 
those of and 

In the case of a non-planar XY3 molecule (and similarly for any 
Cat, molecule with only three identical atoms of nuclear spin § outside 
the axis of symmetry), the total eigenfunction (inclusive of nuclear 
spin) will have species A ov E for all A rotational levels depending 
on whether the spin function is A or E, while for E rotational levels 
the total eigenfunction has species E ov E + 2 A, for spin functions 
A and 77 respectively. Even though only levels with species A of the 
total eigenfunction can occur for either statistics of the nuclei (see 
above), now, unlike the case of zero nuclear spin, both the A and E 
rotational levels (species A and E of can occur if combined with 
appropriate spin functions. But the E rotational levels, in spite 
of their double degeneracy, have only the same statistical weight, (apart from 
the factor 2J + 1 ) as the A levels, because there are only two doubly degenerate 
spin functions (see above) and because only half the number of spin sublevels are 
totally symmetric {E X E == 2A + E). Thus, if as usual the X doubling is not 
resolved, for a non-degenerate vibrationcil state (Fig. 118a) the rotational levels toith 
A Sq (?^ 0 ) have double the statistical weight of the levels K = Sq* rt; 1 ; that is, we 
have an alternation 2 , 1 , 1 , 2 , 1 , 1 , 2 , • - - . For a degenerate vibrational level (Fig. 


>^1 t t 
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118b) a. similar alternation results for both -{-1 and —I sublevels, but for the -Yl 
sublevels the rotational levels with X = Sg + 1 , and for the —I sublevels the rota- 
tional levels with K == 3q — 1 have the higher statistical weight (since they are 
the A levels). 

For a planar XY 3 molecule (symmetry Dzh) and Bose statistics of the nuclei the 
species of the total eigenfunction must be Ax, for Fermi statistics it must be A 2 
(see above). If I = ^- the nuclei always follow Fermi statistics. Since the spin 
functions have species Ax and E only, the total eigenfunction can have species A 2 
only for the rotational levels of species A 2 and E. Therefore the Ax rotational levels 
(Fig. 118) do not occur, since Ax X Ax = Ax and Ax X E = E. Hence for X = 0 
in an Ax vibrational state only the levels with odd J values occur; in an . 4,2 vibra- 
tional state only the levels with even J would occur. Since E X B = Ax A 2 E, 
and since there are four Ax and two E spin functions, the E rotational levels have 
only the weiglrt 2 , whereas the A 2 rotational levels have the weight 4 . Thus for 
X 0 we have again (as for C 3 ,, molecules) the alternation !, 1 , 2 , 1 , 1 , 2 , • • • of 
the statistical weights as a function of X. It should be noted that the absence of 
the ^1 rotational levels follows only for I = |. For higher I values of the identical 
nuclei, spin functions of species A 2 also occur and therefore all rotational levels can 
occur. The ratios of the statistical weights for such cases have been given earlier 
(see Chapter I, p. 28). 

In the case of both planar and non-planar XY3 molecules the alternation of 
statistical weights as a function of K occurs also for larger spin values, but the ratio 
is reduced. It is 8 , 8 , 11 , 8 , 8 , 11 — for / — 1 , the ratio becoming closer to 1 for still 
larger I values (see Chapter I, p. 28). This holds in the same way for axial molecules 
like CHCI3. 

For molecules of point groups Dzh and Dza with six (or more) identical atoms 
such as ethane (C 2 H 6 ) or cyclopropane (CsHc), the spin functions and therefore the 
statistical weights of the rotational levels are of course different from the above. 
They have been given by Wilson (933) (938) [for CiHe, see also Schafer (768)]. 
Wilson has also discussed the species and the statistical weights of the rotational 
levels of CeHo (point group Dnu). For pyramidal XY 4 molecules Placzek and Teller 
(701) have given the statistical weights. 

Inversion doubling. For all non-planar molecules each single one of the energy 
levels thus far considered will actually be double on account of the possibility of 
inversion. In most cases this doubling can be disregarded since it is immeasurably 
small; but in a few cases, of which NH3 is a well-known example, it must be considered. 

The dependence of the inversion doubling on the vibrational quantum numbers 
has been considered in Chapter II, section 5d. It is to be expected that on account 
of the interaction of rotation and vibration the doublet splitting will also depend on 
the rotational quantum numbers. This dependence, as seems plausible and as has 
been shown in detail by Sheng, Barker, and Dennison (785), can be taken into account 
by using effective rotational constants Bit], BiTi and .4 [ 7 ] for each inversion sub- 
level. The previous formulae (IV, 38) and (IV, 39) then hold for the average B[^] > 
and Aiv], while for the individual Bjtj, Bi 7 i, similar formulae hold with differ- 

ent and a/. The difference between and ai^~, and between and cti^~ 
is fairly large for those vibrations Vi which tend to produce an inversion {v 2 for NH3). 
In other words, the difference of the effective B and A values is large when the in- 
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is:=l K^2 JC'-'S JC-“4 jr-5 


Fia. 120. Energy levels and their symmetry properties for an XYa molecule with inversion 
<mublmg (a) in a totally symmetric and (b) a degenerate vibrational level. — Unlike Fig. 118 hero 
the levels are those of an oblate symmetric top as is always the case for a pyramidal molecule of small 
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version splitting itself is large. For the lowest vibrational level the difference is 
usually negligibly small. 

If the inversion doubling is not negligible, some special considerations of the 
symmetry properties are necessary. We consider again only the case of an XY3 
molecule of point group Cz^ (such as NH3). As we have seen previously (p. 221f.), 
the vibrational eigenfunction of the lower component of an inversion doublet remains 
unchanged while that of the upper changes sign for an inversion. Combining this 
with the +, — character of the rotational levels of an oblate symmetric top (Fig. 8b), 
we obtain the parities of the rotational levels for a totally symmetric and for a 
degenerate vibrational level, as indicated on the left of each energy level in Fig. 120. 
Now it must be realized that the vibrational levels, since each vibrational eigenfunc- 
tion is the sum or difference of the eigenfunctions of the left and.right forms, may 
be classified according to the species of point group D3. (The potential field has 
point group Dzn). It can easily be seen that the “positive” vibrational sublevels 
of a non-degenerate vibrational state have the (vibrational) species Ai, the “nega- 
tive” the species Ai, Combining this with the species of the rotational levels in a 
totally symmetric vibrational level (Fig. 118 a), we obtain the over-all species (apart 
from nuclear spin) given in Fig, 120a at the right of each level. In a similar way the 
over-all species for a degenerate vibrational level in Fig. 120 b are obtained. If now 
the spin of the identical nuclei is zero, only the Ax rotational levels can occur. For 
a totally symmetric vibrational level this means, as before, that only the levels with 
A = 0 , 3 , 6, • • • occur; but if A = 0 for even J only the upper, for odd J only the 
lower doublet component occurs. If the spin of the identical nuclei is ^ (and if 
they follow Fermi statistics), just as for planar XY3, only the Aa and E levels can 
occur; that is, now all K values occur, but for K — 0 again alternately only the upper 
and lower doublet components occur. This is the case for NH3. For / > | the spin 
function may also have species Aa and therefore all rotational levels occur. This 
would apply, for example, to ND3. The statistical weights are the same as for the 
case of plane XY3 discussed above. 

From the previous formulae for the statistical weights (see above and Chapter I, 
p. 28 ), it can easily be checked that the total statistical weight of each rotational level 
when the inversion doubling is neglected is the same as the sum of the statistical weights 
of the inversion sublevels. Therefore, whenever the inversion doubling is not resolved 
it is always possible to disregard its existence entirely and to consider only one equi- 
librium position. This would apply, for example, to molecules such as CH3CI, 
CH3CN, and others. 

Perturbations. In symmetric top molecules as in linear molecules, the inter- 
action of rotation and vibration may also lead to somewhat more irregular changes 
of the energy levels — perturbations. 

Once again we have Fermi and Coriolis porturl>ation8, each of which may give rise to vibrational 
or rotational perturbations. Only levels of the same over-all species, the same J, and with AK = 0, 
±1 can perturb one another. Except for the changed species the considerations are perfectly analo- 
gous to those given previously for linear molecules. However, it must bo realized that the E rota- 
tional levels cannot be further split by any interaction of rotation and vibration [^see Wilson (934) 

height. In order to avoid crowding of lettering A has been used whenever an .di and Aa level are 
very close together (usually not resolved). Thus in part (a) for K = 3, J =3 there are the levels 
A‘i, Ai, AiAi in this or the opposite order. The K values indicated at the bottom refer to both 
part (a) and part (b). 
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In contrast to the effect of the Coriolis force discussed above which produces a splitting of degenerate 
vibrational levels with increasing K and is a first-order effect, the Coriolis perturbations here con- 
sidered are second- or higher-order effects, being due to the interaction of two different vibrations 
on account of Coriolis forces. As in the case of linear molecules, this effect is usually quite small. 
In the case of Czv molecules it is seen immediately from Jahn’s rule, given previously (p, 376), that 
Coriolis perturbations between Ai and E, and E, Ai and A 2 , E and E vibrational levels are 
possible. For the first two pairs, the perturbation wouldi increase with increasing J, for the last 
two with increasing K. No such cases have as yet been studied in detail, A special case of such 
perturbations is the A!^-type doubling mentioned previously, that is, the splitting of a level with a 
given J and K 9 ^ 0 il the over-all species of the two component levels is non-degenerate. But also 
this splitting has not as yet been observed. 

(&) Infrared spectrum 

Selection rules. It can be shown (see below) that to a good approximation the 
selection rules for the infrared vibration-rotation spectra of symmetric top molecules 
are the same as those for the rotation spectra and the vibration spectra separately, 
except that for the rotational transitions it is now the direction of the change of 
dipole moment (or in other words of the transition moment) rather than the direction 
of the permanent dipole moment that matters. 

Thus, if the transition moment of the vibrational transition (see Table 55) is 
parallel to the top axis ([| hand) we have for the rotational quantum numbei's 

AX = 0, A/ = 0, ± 1 , if X 0, (IV, 53a) 

AX = 0, A/ = d= 1, if X = 0. (IV, 53b) 

And if the transition moment is perpendicular to the top axis (X hand), we liave 

AX = ± 1, AJ- = 0, d= 1. (IV, 54) 

If the transition moment has a component both in the direction of the top axis 
and perpendicular to it, as is usual for an accidentally symmetric top, both the 
transitions allowed according to (IV, 53) and those allowed according to (IV, 54) 
may occur (hybrid hand; see further below). 

The proof of the above selection rules proceeds in a way similar to the one indicated for the 
rotation spectrum in Chapter I, section 2. As there, we start out from the matrix elements (I, 36) 
of the electric dipole moment; now, however, in a first approximation, 

^ ^ i'vi'r. (IV, 65) 

Substituting this into (I, 35) and expressing the Mxf, My^, M^j. in terms of the components Mx, 
My, Mz of the dipole moment with respect to a coordinate system 6xed in the molecule according to 
(I, 36), we obtain, instead of (I, 37), 

Rxf = S y*COS axi'/4'r"*drr + S Mj,xPy'^P/'*dTy S cos 0 :„vi'rVr"*dTr 

+ S S cos (XzWi'/'^dTr (IV, 56) 

.Here Mx. My, Mz are ho longer constant. The integrals 
J Mzi'v i'v dTv, ■ • • are those occurring in the discussion of the vibration spectrum; they are differ- 
ent from zero only when the vibrational selection rules are fulfilled (see Table 56). The integrals 
S cos cix4/rW’*dTr, • - • S COS &xWf'r"*drr, • " , S COS yzi'r'-^i^r'dTr, ' - • are those occurring in the 
iscussion o t e rotation spectrum [^in equation (I, 37)]; they are different from zero only when the 
rotational selecff on rules of the symmetric top are fulfilled (see p. 32). For a transition to take 
place both the first and the Second integral must be different from zero for at least one of the terms 
m (IV, 56) or in the similar equations for Ry^ and Rzj. Thus the above selection rules for K and J 
tollow m the same way as for the rotation spectrum. 
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It will be noted from the above derivation that the validity of the vibrational and rotational 
sele^ion rules for the rotation-vibration spectrum is dependent upon the possibility of writing tf/ 
a.s the product This is no longer possible when the interaction of rotation and vibration is 

strong and therefore, when this is the case, forbidden transitions may be expected that are not in 
ii<K^o©nient with the vibrational and rotational selection I’ules (see also p. 456). 

In addition to the above selection rules for the rotational quantum numbers, 
tjbere are also selection Titles which are concerned with the symmetry properties of the 
rotational levels. For all symmetric top molecules we have (as for the pure rotation 
spectrum), 

+ ■(— > — , -|- -t-l-)- -j~j — <r+^ — , (IV, 57) 

where + and — refer now to the over-all symmetry with respect to inversion. For 
non-planar molecules this rule is of no consequence as long as the inversion doubling 
is not resolved, since always a positive and a negative level coincide. But it must 
be taken into account when the separate inversion doublet components are considered 
(for example in NH 3 ; see Fig. 120) and for planar molecules. 

If the molecule is a symmetric top on account of its symmetry, there is, in addi- 
tion, the rule that only rotational levels of the same over-all species (apart from nuclear 
spin) can combine with one another. The reason for this rule is the same as for the 
rule that for homonuclear diatomic molecules symmetric rotational levels do not 
combine with antisymmetric (see Molecular Spectra I, p. 139). The former rule 
is just as rigorous as the latter. It holds for all kinds of transitions, even those 
i:>roduced by collisions.^^ Thus (as was pointed out in Chapter I, section 2) NH3, 
CH 3 CI, and similar gases (point group Czv) consist of two modifications A and B 
which are transformed into each other only extremely slowly, just as are ortho- and 
para-hydrogen. For molecules of point group Dsn there are in general three such 
modifications (Ai, A 2 , E) and similarly in other cases.^* For NH3, CH3CI, • • • in 
the vibrational ground state one modification has only the levels K = 0, 3, 6 , 9 , • • - , 
the other only the levels = 1, 2, 4, 5, • • • . 

In a degenerate vibrational state we have to distinguish between -|-2! and —I 
levels, depending on whether vibrational and rotational angular momentum have 
the same or opposite sign (see Fig. 117). Teller (836) has shown that /or a transition 
betuoeen an upper degenerate and a lower non-degenerate vibrational state only the 
levels combine with the rotational levels of the non-degenerate state for AK = + 1 , 
'whereas only the —I levels combine with them for AK == — 1 . The reverse is true if 
the degenerate state is the lower one (and if we define AK = K' — K" as usual). 
It is easily seen from Fig. 118 that this rule is in agreement with the rule that only 
rotational levels of the same species combine with one another. For a transition 
between two degenerate states we have in general (see p. 268) a || and a JL component 
(A/iC == 0 and AK = db 1 respectively). For the former we have -j- ? 

— I <-» — I, whereas for the latter — I <-> ■+ / for AK = + 1 and -j- Z — Z for 
A.K = — 1 where the first I refers to the upper, the second to the lower state.^^ 

22 It will be realized that this rule is actually responsible for the fact that for molecules with zero 
nuclear spin of the identical atoms only levels of one species occur (see p. 409 and Molecular Spectra 
X, p- 144). 

23 It may be noted that ND 3 has the three modifications Ai, A^, and JE if the inversion doubling 
is not neglected (see Fig. 120). 

These rules are not given by Teller but form a natural extension of Teller’s selection rule, 
nnd are in agreement with the other symmetry rules. 
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Rotation and inversion spectrum. Before we discuss the various types of rotation- 
vibration bands it is appropriate here to reconsider the pure rotation spectrum 
and the inversion spectrum for cases of XY3 molecules in which the inversion doubling 
is resolved and in which the nuclear spin /(F) == § (for example NHa). It is imme- 
diately seen from Fig. 120 that the rotation lines (A/ = -h 1, AK = 0, -j- <-»■—) are 
double with the exception of those with K — 0 (since the Ax levels do not occur). 
The doublet splitting of the lines is twice the separation of the inversion doublet 
levels- This splitting is clearly seen in the NH3 spectrum of Fig. l2a, p. 33. If 
only lines with IT = 0 occurred they would be single but alternately shifted in the 
one or the other direction. Since actually each rotation ‘'line” is a superposition 
oi J 1 lines with X = 0, 1, • • • «/, only the line = 0 is single, but the other “lines” 
have doublet components of slightly different intensity. Alternately the short- 
and long-wave-length component is the stronger, because the K = 0 contribution is 
missing alternately in the long- and short-wave-length component. This is indeed 
seen to be the case for NH3 in Fig. 12a. (The line J = Q has not been observed.) 
The doublet splitting, according to the above, should depend slightly on J. How- 
ever, for larger J values, for which this change of doublet width would become 
noticeable, the splitting of each line into 1 components likewise becomes ap- 
preciable. The resultant somewhat complicated structure has as yet only partially 
been resolved [see Foley and Randall (324) 

It is seen from Fig. 120 that the transition from one inversion sublevel to the 
other without change of rotational quantum numbers (inversion s'pectrurn) can take 
place only it K 9 ^ Q, since for iiC = 0 only one component level exists for each /. 
However, for K 9 ^ 0 this transition is entirely in conformity with the selection rules 
and, as mentioned previously (p. 257), has been observed ,/or NH3 in the region of 
short radio waves. 

Transitions between non-degenerate vibrational levels : parallel bands. In the 

ease of molecules with a more-than-two-fold axis, the change of dipole moment for 
all allowed transitions between non-degenerate states (see Table 55) is in the direc- 
tion of the symmetry axis (which is the axis of the top) and therefore only transitions 
with AK — 0 (that is, H bands) occur. For less symmetric molecules the change of 
dipole moment for the vibrational transition may also be perpendicular to the top 
axis and in that case AK = =1= 1 (that is, _L bands) can also occur. In fact, it may 
happen (for sufficiently low symmetry) that the change of dipole moment makes an 
intermediate angle with the top axis. In this case both AK = 0 and AK = =1= 1 
may occur, and we have what is called a hybrid band. 

Let us first consider a [ | band. For such a band only levels of the same K value, 
that is, levels in the same vertical column in Fig. 121, combine with one another. 
Considering a particular column, that is, a particular value of K, we obtain, since 
AJ = 0, db 1, a sub-band with three simple branches P, Q, and R. The complete |j 
band is obtained by superposition of a number of such sub-hands, corresponding to 
the various K values that occur at the temperature of observation. The sub-bands 
up to iT = 5 and their superposition are shown schematically in Fig. 122a and b. 
The K = 0 sub-band has no Q branch because of the restriction (IV, 53b). 

If, for the moment, we neglect the interaction between vibration and rotation, 
that is, take B' = B", A' — A", all the sub-bands coincide exactly, since then the 
spacing of the levels in the upper and lower states is exactly the same (the different 
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columns of levels in Fig. 121 which are responsible for the different sub-bands are 
identical, apart from a constant shift which is the same for the upper and lower 
state). In this case, furthermore, all the lines of the Q branch in each sub-band 
coincide. Thus we obtain a hand with a strong line-like Q branch and a P and an R 



K 0 K I K-2 K :% jK-4 


Fig. 121. Combination of two non-degenerate vibrational levels of a symmetric top molecule. 

branch just like a _L band of a linear molecule. The spacing of the lines in the P and 
R branches is 2P, that is, is determined by the moment of inertia about an axis 
perpendicular to the top axis. 

These conclusions are not altered if the symmetry selection rules discussed above 
are taken into account. They change only the intensities: For molecules with a 
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threefold axis the sub-bands with K — 1,2, 4, 5, 7, 8, • - • are either missing (nuclear 
spin 7 = 0) or have lower intensity than the sub-bands with TC = 3, 6, 9, • - ■ (ratio 
1 : 2 for I = Furthermore, for molecules of point groups £> 3 , Dzh, Dzd, there is 
an intensity alternation for the sub-band if = 0: alternate lines are missing for a 
plane XYs molecule with 7 = 0 or 7 = J of the Y atoms; alternate lines are weaker 



Fig. 122. Sub-bands of a || band and complete [| band of a symmetric top. — The sulD-bands in 
(a) are directly superimposed in. (b). In both (a)' and (b) only a slight difference between A' — H' 
and is assumed. In (c) the same sub-bands are superimposed but with shifts corresponding 

to a much larger difference between A' — B' and A" — B". Here also the lines of the Q branches 
have not been drawn separately. The heights of the lines indicate the intensities calculated on the 
basis of the assumption that A" = 5.25, B" — 1.70 cm“^, and T = 144° K. The intensities indi- 
cated for the sub-band K = 0 should be divided by 2. 

by a factor that depends on the spin and the number of identical atoms in other cases 
(see the preceding subsection). 

If now we consider that there will be, on account of the interaction between vibra- 
tion and rotation, a slight difference between B' and B", and between A' and A", 
we see: (1) that the lines of the P and R branches in each sub-band will no longer be 
equidistant but will converge in the same way as for bands of linear molecules, and 
that the lines of the Q branches will no longer coincide exactly, although in general 
they will not be resolved; (2) that the sub-bands no longer coincide exactly. 

It is seen immediately from the energy formula (IV, 41) that the lines in each 
sub-band (of fixed K) are given by the same formulae as for diatomic or linear poly- 
atomic molecules I^that is (IV, 19, 20, 22)] except that i^o is replaced by the 

origin of the sub-band. Apart from the phange of the different sub-bands follow 
exactly the same formula?^ However on account of the restriction J > K, more and 
more lines are missing in the sub-bands at the beginning of the branches (see Fig. 

^ This holds as long as the effect of centrifugal distortion is neglected. 
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122a). For the origins of the sub-bands (J = 0) we obtain from (IV, 41) 

= VO + [(Aj;, - (IV, 58) 

As long as the second term in this equation is small compared to the separation of 
successive lines (2JS) in a sub-band, the whole |1 band will appear to consist, under 
medium dispersion, of one P, one R, and one line-like Q branch. This is shown in 
Fig. 122b. It is, however, also clear from this figure as well as from the preceding 
discussion that (unlike the case of a JL band of a linear molecule) each line consists 
of a number of components (/ + 1 in the R branch, J in the P branch). 

The simple PQR branch structure has been observed for a number of symmetric 
top molecules; and conversely, when such a structure is observed, one can conclude 
definitely i/iai the molecule investigated is (at least to a good approximation) a sym- 
metric top molecule, if it is known from other evidence that it is not linear. 



^ — WAVE-LENGTH 


Fig. 123. Fine structure of the fundamental of methyl fluoride at 9.S5/i Rafter Bennett and 
Moyer (138)]. The absorbing path was 6 cm. long at a pressure of 4 cm. The numbers above the 
bottom scale are m values (see p. 381). 

As examples we give in Fig. 123 a 1| band of CH3F in the ordinary infrared (funda- 
mental vz) and in Fig. 124 a |1 band of CH3 — C^C — H in the photographic infrared 
(overtone band Svi). The convergence of the lines in the second example is clearly 
seen. From the average line distance in the bands a rough value of 2B is obtained. 
For a more accurate determination of P[^f)] and B'lv\ the same methods as for linear 
molecules have to be applied (see also below). 

’ The second term in (IV, 58) may be small because (A - - B'{,{) 

is small, or because only levels with small K values occur, or because of both these 
reasons. (A[',] — A'{v{) — (P^ — Pfc]) will be small for all fundamental bands, but 
may not be small for overtone bands. Only levels with small K will occur when 
A — B is large, since then the Boltzmann factor for the levels with higher K is very 
small. Thus, for CH3F and CHs — C^C— H, for which A — B is approximately 
5 cm“^, the first six K values at room temperature contribute more than 75 per cent 
of the intensity (compare Fig. lOc). 

If (A[„j — AJ«i) - (/ipM - P[«i) is large, as may happen for overtone bands, but 
at the same time Pp,] — P[»] is still small, each sub-band will still have a line-like Q 
branch; however, the Q branches of the different sub-bands will no longer even ap- 
proximately coincide, but according to (IV, 58) form a resolved Q branch of “lines,” 
the first of which has K ~ 1. This is shown in Fig. 122c. The P and R branches 
in this case form a rather irregular background of weaker lines. In such cases it is 
necessary to have a designation of the lines that will distinguish different sub-bands: 




420 


INTERACTION OF ROTATION AND VIBRATION 



IV, 2 


an impurity. 


IV, 2 


SYMMETRIC TOP MOLECULES 


421 


we indicate the AJ value by the usual P, Q, R, the AK value by a left superscript 
P, Q, R (for II bands Q) and the K value by a subscript. Thus ^PaCS) would be the 
line with J = S of the P branch of the sub-band with K = 3 of a || band.^® 

If both and (Pj'*] — are large so that the branches no longer 

form ‘Tines/’ the appearance of a || band becomes rather complicated. We shall 
not discuss it in detail. 

Returning now to the simple type of || bands, when and 

are very small, let us consider the intensity distribution. Detailed formulae for the 
intensities of the various lines in any |1 band are given below. The intensity dis- 
tribution in the P anjl R branches is essentially determined by the population of 
the lower levels irrespective of K] that is, it will be represented closely by the previous 
(upper) curves in Fig. 10, which give the number of molecules with a given J value 
(summed over all K values). Because of the smaller number of components for 
small J , the intensity of the R and P lines with small J is relatively smaller than in 
a band of a linear molecule. The inten- 
sity of the individual lines in the Q branch 
of a sub-band does not follow the curve 
for the population of the rotational levels 
(Fig. 10), but decreases rapidly with in- 
creasing J, just as for bands of diatomic 
molecules with A A = 0. The intensity of 
the Q branch relative to the P and R 
branches is different in the different sub- 
bands (see Fig. 122). It is zero for the 
sub-band K = 0 (as in a S — S band of a 
linear molecule) and increases rapidly with 
increasing K. Thus, if I a I By that is, if 

only relatively few K values are of impor- 
tance, the intensity of the Q branch is 
small compared to the total intensity of the 
P and R brandies; but with increasing 
IaIIb the Q branch gains in relative inten- * 
sity, since higher and higher K values are 
populated. In Fig. 125 is given a graph- 
ical representation of the contributions of 
P, Q, and R branches in a |1 band as a func- 
tion of Ia/Ibj after Teller (836) [see also Gerhard and Dennison (352)]]. It maybe 
noted that in agreement with these considerations the Q branch is much less intense 
for CH 3 — C^C— H (Fig. 124) than for CII 3 F (Fig. 123), since in the former IaIIb 
is smaller. 

The rigorous formulae for the lino intensities in the bands of symmetric top molecules were first 
given, on the basis of the old quantum theory, by Honl and London (466a) and were later derived 
on the basis of wave mechanics by Dennison (278), Reiche and Rademaker (734) and others. As 
mentioned previously (p. 32) the intensity of a given transition in absorption is proportional to 
the product 

CAkj V okj 



Fig. 125. Relative intensity of P, Q and 
R branch as a function of IaIIb in a 1 1 band of 
a symmetric top [after Teller (836)]. — This 
figure holds rigorously only for sufficiently 
large moments of inertia. For smaller mo- 
ments of inertia there is a difference in the in- 
tensity of P and R branch. But even then the 
general trend is as indicated. 


This nomenclature has of course nothing to do with the superficially similar nomenclature 
used for multiplet electronic bands of diatomic molecules (see Molecular Spectra I, p. 273). 
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where C is a constant independent of K and J but depending on the vibrational transition, where 
and FiK, J) are statistical weight and term value of the lower state and where Aic/ is propor- 
tional to the square of the transition moment + Ryj -h R^f summed over ah orientations of J. 
The quantities A.kj in the present case (AiiC = 0) are Dennison (279)] 


for A/ = -f 1: 

(.7 -1- 1)2 - K!^ 
AkJ - -f 1 ) 

for AJ = 0 : 

~ ./(J + 1) 

for AJ = — 1: 

.72 _ J[2 

- J( 2 / 4 - 1 ) 


where, as always, K and J refer to the lower state. The ok j in the above expression for the intensity 
are 2J -f 1 for JiC =0 and 2(2 J -h 1) for i? 0 (see p. 27). The intensities indicated in Tig. 122 
are based on these formulae. 

In the case of Cs^, molecules for which the inversion doubling is not negligible, it 
is immediately seen from Fig. 120, on the basis of the selection rule + , that 

each line in each sub-band will be double, with the exception that for 1 — 0 or | of 
the identical nuclei the lines of the K = 0 sub-band will be single, but alternately 
shifted to long and short wave lengths. The doublet splitting of the lines equals 
the sum of the doublet splittings of the upper and lower levels. Such || bands have 
been observed for NHa and NDa- Fig. 126 gives the fine structure of the funda- 



Tig. 126. Fine structure of the fundamental vi of NHg at 3.00At Dennison and Hardy 

(281) The length of the absorbing path was 60 mm at atmospheric pressure. The numbers above 
the bottom scale are m values. The wave number scale has not been corrected for vacuum. 


mental vi of NH3, as observed by Dennison and Hardy (281). The theoretical 
structure and intensity distribution is given at the top. It agrees closely with the 
observed. As in the case of the rotation spectrum, the unequal intensities of the 
doublet components are due to the fact that for A = 0 the upper and lower levels 
are alternately missing (see Fig. 120). While this makes very little difference for 
large J values, where the lines of many sub-bands are contributing to one “line,” it 
does have a considerable effect for small J values. In particular for the first line 
of P and R branch one component is entirely missing, since only A = 0 contributes. 
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In Fig. 127 also the fine structure of the fundamental v^ of NHz is given, as ob- 
served by Sheng, Barker, and Dennison (785). Here the inversion doubling in the 
upper state is rather large, and therefore the splitting of the “lines” is greater than 
the separation 2B of successive lines. We have two component bands which may 
be designated — 0~) and V 2 (l~ — O'*") and are indicated at the top of Fig. 127. 

At the same time the individual “lines” are partly resolved into their components. 
The agreement of this k fine structure of each “line” with expectation is very 
striking. From the difference of this splitting for the two component bands, Sheng, 
Barker, and Dennison have obtained the separate AV^, Av~ values for the 

inversion doublet components (see p. 411). 

Bands in which neither the lines of the Q branches of each sub-band nor the 
different sub-bands coincide are probably some NH 3 bands in the photographic 
infrared. Here we have the additional complication that the upper states consist of 
a number of vibrational sublevels, giving rise to the overlapping of ] | bands by X 
bands, and that the inversion doubling in the upper states is large. That is why none 
of these bands has as yet been completely analyzed. 

Transitions between non-degenerate vibrational levels : perpendicular and hybrid 
bands. A perpendicular band with AJC = db 1, like a 1| band, consists of a number 
of sub-bands. Even when the interaction of rotation and vibration is neglected, 
however, the sub-bands do not coincide. This is immediately obvious from Fig. 121 
if, for example, the transition iiC' = 1 — » K" = 0 is compared with K' = 0-^ K" — 1. 
Also there are now two sets of sub-bands, one with AK = -f 1 and one with AK = — 1 . 
These are shown in the upper part of Fig. 128. The zero lines according to 

(IV, 41), are represented by 

vr^^v,+ {Aw-B[,^)±2{A[,,-B{,^)K+l{Aw-B[,{)-{AU-BUlK\ (IV, 59) 

where the + sign applies to AK = -h 1 (E branch) and the — sign to AK = — 1 
(P branch). In the first case we have if = 0, 1 , 2, • • - , in the second case if = 1 , 
2, • • • (see Fig. 121 ). 

If, for the moment, we neglect the interaction of vibration and rotation, that is, 
take A' — A" , B' = B" , the lines of the Q branches in each sub-band coincide at 
and the different Q branches form, according to (IV, 59), a senes of equidistant 
“lines’’ with a spacing of 2 (A' — B'). In the present case the intensity of the Q 
branch in a sub-band is always of the same order as the intensity of P and R branches 
together (as for the H — S, A — H, • • • bands of diatomic molecules), and therefore 
the series of “lines” formed by the Q branches of the different sub-bands forms the 
most prominent feature of a X band while the lines of the P and R branches of the 
sub-bands form a usually unresolved background. The series of Q branches stands 
out particularly when A B, that is, when the moment of inertia about the top 
axis is small compared to the other moments of inertia, since then the spacing of the 
Q branches is much more easily resolved than the spacing in the sub-bands; the latter, 
in this case, do not overlap too much and thus do not form too strong a background. 

It is important to note that the first “ line ” (if = 0 ) in the series of Q branches with 
AK = -|- 1 (“positive” sub-bands), according to (IV, 59 ), occurs at vo ■+■ (A' — B'), 
whereas the first line (if = 1 ) in the series with AK = — 1 (“negative” sub-bands) 
occurs at ^0 “ (A' — B'). Thus their separation is the same as that of the other 
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“lines.” There is no zero gap between the two branches (see Fig. 128).^ Further- 
more, the intensity in these branches does not go to a maximum with increasing Jf, 
but decreases from the beginning (see below). Thus we obtain a characteristic 
single-branch appearance with one maximum of intensity only. The zero line of the 
band is half-way between the two strongest lines. 

It should be realized that, while Fig. 128 is drawn for the case I a. Is, so that 
the separation of the Q branches 2(A — B) is much greater than the separation, 2B, 
of the P and R lines in each sub-band, it may also happen that I a is of a magnitude 
similar to or even larger than Is. In this case the separation of the Q branches is 
of a magnitude similar to or even smaller than that of the lines in the P and R 
branches. If I a = Ib, all Q branches fall together (we have the case of the spherical 
top; see section 3). If I a > Ib the positive sub-bands are on the long- wave-length 
side, the negative sub-bands on the short-wave-length side of (that is, opposite to 
what they are in Fig. 128). In the limiting case of a plane molecule, for which 
I A = 2Ib, the separation of the Q branches is just half that of the lines in the P 
and R branches. 

Just as for a || band, there is, with increasing K, an increasing number of lines 
missing near the origin of the sub-bands (see Fig. 128). Also the intensity of corre- 
sponding lines in P and R branches of the sub-bands for the larger K values is no 
longer approximately the same. The lines with AP = AK have the greater in- 
tensity. This follows from tile intensity formulae given below. These formulae 
also show that the Q branches of the sub-bands are strong for all K values and that, 
unlike the case of | { bands, within each Q branch the intensity distribution is similar 
to that in the P and R branches of the sub-bands (compare n — 2, A — n, • • • bands 
of diatomic molecules). 


The Honl-London formulae for the intensity factor Arj (see p. 421) are in the present case of 
a _L band 


for AJ = -1-1: 


for AJ = 0: 


for AJ = — 1: 

1 . 


Akj 

Akj 

Akj 


(J "H 2 ± K)(J -j- 1 ± K) 
(J + 1)(2J -f 1) 

(J -H 1 ±K)(J=FK) 

J(J + 1) 

(J - 1 =F K)(J T K) 
J(2J -1- 1) 


where the upper sigh refers to A2S: = + 1, the lower to AX = - 1, and where K and J refer to the 
lower state. For X =0 and AX — -f- 1 the values given by the above formulae have to be multi- 
plied by 2. This latter fact compensates for the fact that the statistical weight for X =0 is only 
half of the weight for X 0, and consequently the intensity in the series of Q branches (sub-bands) 
with if = 0, 1, 2, • • • decreases from the beginning according to the Boltzmann factor and has no 
maximum for if = 1. In other words there is no intensity minim um at the center of a _L band. 
The intensities indicated in Fig. 128 were calculated with the aid of the above intensity formulae. 


For the designation of the individual lines in a J_ band the same nomenclature is 
conveniently used as for the || bands (see above). Thus ^P, ^Q, ^R refer to the 
P, Qf R branches of a sub-band with AK == -f- 1 and ^P, ^Q, ^R to those of a sub- 
band with AK = — 1. The K value of the lower state is indicated by a subscript. 
For example -**^ 4 ( 5 ) refers to the line / = 5 of the R branch of the sub-band 
iT' = 3<- Z" = 4. 


It is easily seen that the reason for this fact is that in the energy formula (TV, 41) X^ and not 
X{X + 1) occurs. 
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If the interaction between rotation and vibration, that is, the difference between A', 
B' and A", B" is taken into account, the individual lines of a Q branch of a sub-band 
no longer exactly coincide, and the series formed by the Q branches, according to 
(IV, 59), converges slightly, usually toward shorter wave lengths. In order that the 
Q lines of a sub-band shall fall at least approximately together, B' — B" must be 
smaller than is necessary for 1 1 bands, since here much higher J values occur in the 
Q branches. However, this condition is usually fulfilled for the fundamental bands 
and low overtone or combination bands. Por high overtones, it may happen that 
the line-like structure of the Q branches is lost, and also the convergence of the 
series of sub-bands may be so strong that they form a head. In this case the 
structure of the Jl band would be rather similar to that of a [j band with large 
(A' - B') - (A" - B") (see above). 

As has been mentioned previously, a JL band can occur as a transition between 
non-degenerate states only in the case of a molecule with no more-than-two-fold axes, 
that is, for a molecule that is accidentally a symmetric top. Molecules that may 
be considered here are HgCO, C2H4, and similar ones for which the moment of inertia 
about one principal axis is much smaller than that about the other two. However, 
they are not close enough to the exact symmetric top to exhibit all the characteristic 
features of J_ bands (see also section 4). In less symmetrical molecules that are 
nearly symmetric tops, the change of dipole moment for many vibrational transitions 
does not lie exactly at 90* to the top axis. Therefore both a || and a JL band appear 
for the same vibrational transition, that is, with the same zero line. One obtains 
a so-called hybrid band. 

A very instructive example of such a hybrid band and therefore also of a ± band 
has been found by Herzberg, Patat, and Verleger (438) in the photographic infrared 
spectrum of N3H, and first correctly interpreted by Eyster (318). It is shown in 
Fig. 129, where the Q branches are indicated.- To be sure, N 3 H is not exactly a 
symmetric top, but the wide structure of the band shows that one moment of inertia 
is very small, that is, that the three N atoms are very nearly on a straight line with 



the H atom at one end but not on the axis, thus: N — N — N . Therefore the 
other two moments of inertia are nearly equal and the molecule is very nearly a sym- 
metric top. The N — H vibration of which the band represents the second overtone 
is at an angle ?«^90° to the top axis, and therefore both |1 and i. components occur. 
Since the difference of A' and A” is fairly large the branches of the || component 
do not all coincide, but form a branch which has its head about half way between the 
two strongest ‘Tines” of the series formed by the and branches of the X 
component, that is, at the band origin vq.. The and ^R branches form the finer 
structure in the center of the band (the ^P, ^R, ^P, ^R branches are too weak to 
be observed). 

Transitions between a non-degenerate and a degenerate vibrational level: per- 
pendicular bands. In a molecule that is a symmetric top because of its symmetry, 
perpendicular bands (Ms = 0 ) occur only as transitions between vibrational states 
at least one of which is degenerate (see Table 55). We consider first the case in 
which the upper state is degenerate, the lower non^degenerate; this applies, for example, 
to the fundamentals of the degenerate vibrations. The appearance of such a band 
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is, of course, very similar to that of the J_ band previously discussed (see Fig. 128). 
The Coriolis splitting of the degenerate vibrational state (Fig. 118) does not lead to 
O' splitting of the band lines (sub-bands) since for AiT = -1- 1 only the -f-Z levels, for 
i only the —Z levels of the degenerate state combine with the lower non- 
degenerate state (according to the rule that only rotational levels of the same over-all 
species combine with one another, as well as the selection rule for the -1-Z and — Z 
levels). 

The foTTfiula for the lines of each sub-band (fixed K' and E") is exactly the same 
Q-s before, that is, the same as for bands of linear molecules. However, the foTmula 
for the zero lines (Q branches) of the sub-bands is different, since in the formula for 
■fche energy^ levels of the upper state (IV, 42) we now have the additional term 
"T" 2A[u]i*i-Zi., where is, apart from the factor A/27r, the vibrational angular momen- 
tum of the upper vibrational state. We obtain therefore for the in place of 
(IV, 59),28 

= ro + CA['»](1 - 2ti) - Fi,,] =fc 2CA[;](1 - td - 

+ [(At^j - Bl,{) - {AU - (IV, 60) 

where the + sign in the third term at the right holds for the R branch {AK = + 1), 
the - sign for the P branch {AK = - 1). In (IV, 60), account is taken of the 
selection rule for the +Z and -Z levels (see above). The transitions are indicated 
in Fig. 118. It will be seen that (IV, 60) goes over into (IV, 59) if ^ 0. If the 
difference between A', B' and A", B” is small (as is usually the case) we have again 
a series of (almost) equidistant sub-bands of which the line-like Q branches will form the 
most prominent feature (see Fig. 128). However, the separation of successive ‘Tines’^ 
(Q branches) is no longer 2 (A - P) but 2[A(1 - ^i) — P] which may be smaller 
or larger than 2(A — P) depending on whether is positive or negative, that is, 
depending on whether the direction of rotation of the electric dipole moment in the 
upper state coincides with, or is opposite to the direction of the angular momentum 
p of the vibration (see p. 405). As previously, the distance of the first line (K = 0) 
of the R branch frpm the first line (K — 1) of the P branch is the same as the separa- 
tion of successive lines, that is, there is no zero gap. However, the zero line vq is no 
longer exactly half-way between these two lines. Its distance from the first line of 
tlie P branch is (A — P). 

Since has different values (between -|-1 and —1) for the different degenerate 
vibrations of one and the same molecule, the separations of successive lines in different 
_L bands of a given symmetric top molecule may vary considerably^ whereas without 
tlie influence of the Coriolis force it would be the same in all of them. The observa- 
tion of such widely different spacings in different J_ bands of the same molecule had 
long been a puzzle before the theory of the Coriolis coupling was developed by 
Teller and Tisza (837), Teller (836), and Johnston and Dennison (476). 

As examples, we give in Fig. 130 and Fig. 131 the fine structure of three X bands 
of CHgBr, one a fundamental in the ordinary infrared, the other two second overtones 
(or ternary combinations) in the photographic infrared. In both cases only the line- 
like Q branches are resolved from one another, since A'^B. The typical difference 
of the appearance of these bands from that of || bands is clearly exhibited. The 

The formula given by Johnston and Dennison (476) is somewhat different because they use 
K' = K infetoad of, as hero, K" — K. 
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average separation of successive lines in the first band is 7.42 cm~i, in the second 9.3 
cni~^. For the other two degenerate fundamentals, the separations 11.9 and 9.0 
cm— 1 respectively have been found. While for the fundamentals the separation of 
successive “lines” is constant throughout the band (within the accuracy of the 


-FREQUENCY in cm-> 



Fig. 130. Fine structure of the fundamental band vq of CHsBr at 10.49ju, [Rafter Bennett and 
Meyer (138)(]. — The length of the absorbing path was 6 cm at a pressure of 21.8 mm. 


measurements) there is a definite convergence in the photographic infrared band, 
as shown by Table 131, corresponding to the term ~ 

in (IV, 60). More recently, for two of the X bands of CH 3 I, Lagemann and Nielsen 
(546) have been able to resolve partially the structure of the individual Q branches 
(compare Fig. 128) indicating the effect of slightly unequal B in the upper and 
lower state. 


Table 131. wave numbers op the lines (sub-bands) in the photographio inkh.\i{rx) 
BAND AT 1.1 /X OP CHgBr, AFTER VERLEGP.It (89S). 


Assignment 

I' vacuum^ 
(cm“^) 

Av 

Assignment 

w 29 

^vacuum 

Ar 

(a) 

(b) 

(a) 

(b) 



9124.99* 








— 


^’(32 



9.31 


^Qio 

9106.60 

Q OQ 



9017.52* 

!).51 



9098.27* 

0 .00 

55 5in 



9007.88 

9.64 



9089.47 

o.oU 


^(h 

8998.11 

9.77 

^Qi 


9080.50 

0 .57 / 

55 AT 



8988.4,3* 

9.68 



9072.09* 

0.*x J. 

55 79 



8978.57 

9.86 


^<25 

9063.37 

0 . # 

55 559 


^^Qr, 

8908.37 

10.20 

^Qi 


9054.55 

o.o** 

Q 07 



8958.19* 

10.18 



9045.48* 

C7 .U • 

9.14 

^^Qio 

^^7 

8948.14 

10.05 


The nu77iher%ng of the Q branches in an observed JL band is not olxvious, since there is no zero gap. 
If there is no intensity alternation (see below), all that can l>e said is thgt the zero line must lie 
between the two strongest lines” in the center of the band. i3ec‘ause of the uucertaintv as to 
which are the strongest lines there are two numberings of the linos of the 1.1/t GH.iBr band com- 
patible with the intensity alternation as given in Table 131. Depending on the assignment (dioson, 
the “lines” can be represented by > 


po-^ub = 9045.42 ± 9.10/C - 0.065/C2 
or 

= 9017.55 i 9.49/C - O.OmK^. 

^ The intense lines are marked with an asterisk. 


(IV, Ola) 


(IV, Olb) 
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Fig. 132. Structure of a J. band with f,- close to 1. — ^The sub-bands are the same as in Fig. 128 but shifted so as to correspond to = 0.9826. It 
should be noted that the order of the sub-bands (whose zero lines are indicated at the bottom) is the reverse of that in Fig. 128. The origin of the whole 
band is off to one side. The K values given refer to the lower state. 
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Here it must be emphasized that the constant term according to (IV, 60) is not vo but 

v6 4- A'd - 2ff) - J5'; 

that is, approximately half the coefficient of the linear term has to be subtracted to get ^o- 

In the case of CHsBr (and similarly for the other methyl halides), is of the 
order of 0.25 or smaller. However, in special cases may be as large as +1. In 
such a case, as is immediately seen from equation (IV, 60), the spacing of the Q 
branches is -~2B, that is, equal to the spacing of the lines in a sub-band. The 
negative sign indicates that in this case the branches would be on the short-wave- 
length side, the branches on the ‘long- wave-length side of vq. Also, if B' = B" 
and A' — A" the lines of the R and P branches of the different sub-bands would be 
exactly superimposed, giving rise to one strong P and one strong R branch, in addi- 
tion to the central series of Q branches- If is slightly smaller than -M or if 
B' 7 ^ B", A' 9 ^ A" for = 1 (or both), this exact coincidence would no longer 
occur. For such a case the fine structure of a JL band is shown schematically in 
Fig. 132, which is obtained from Fig. 128 by superimposing the sub-bands with smaller 
(and negative) separations. For ti — A — BjA the spacing of the sub-bands (Q 
branches) would be zero and for slightly smaller values the spacing would have a 
small positive value and the structure would be very similar to that represented in 
Fig. 132 except that the order of the Q branches is reversed. In all these cases of 
small spacing 2[A(1 — fi) — jB] of the Q branches, if the band is not completely 
resolved it will have a very strong (though not very sharp) central maximum formed 
by the Q branches, accompanied by a weaker maximum or shoulder on each side 
corresponding to the superposition of all the P and all the R branches respectively. 
Also, in spite of a small moment of inertia I a, and in spite of the fact that the band 
is a ± band, no very wide fine structure will occur. Thus, in these cases the appear-- 
ance of a A hand under medium dispersion is very similar to ihat of a \ \ band. This 
shows that conclusions from the appearance of the bands under low dispersion have 
to be drawn with caution. 

For molecules with a three-fold axis, if the identical nuclei have zero spin, only 
the sub-bands with K = 0, 3, 6, 9, • • • occur, since in the lower state only the levels 
IT = 0, 3, 6, • • •, in the upper state only the levels A = 1, 2, 4, 5, ■ • • occur (see 
Fig. 118). No example for this case is yet known, however. If the identical nuclei 
have non-zero spin, according to the previous discussion of the statistical weights, 
an intensity alternation of the type strong, weak, weak, strong • • • is to be expected. 
Such an alternation can clearly be seen in the CHsBr bands reproduced in Fig. 130 
and Fig. 131. The intensity ratio is, of course, equal to the ratio of the statistical 
weights of the rotational levels; this ratio, as we have seen, depends on the nuclear 
spin as well as on whether there is one set of identical atoms or more. For the simplest 
case, when the molecule has one set of identical atoms of spin | only, as has CHsBr, 
the intensity ratio is 2 : 1, which is in good agreement with observation. (For other 
cases see p. 28 and p. 411.) It should be noted that irrespective of the statistics 
of the nuclei the first branch {AK = -1- 1, = 0) always forms a strong *Tine,” 

the first branch {AK = — 1, K = .1) forms a weak “line’’ in the series strong, 
weak, weak, strong, • • • , Since there is no zero gap, this is a welcome criterion for 
the correct placing of the origin of the hand, and has been applied in Table 131 to 
obtain the two alternative numberings as well as in Tables 84 and 85 in order to 
obtain the positions of the zero lines. 
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If the molecule has a plane of symmetry perpendicular to the three-fold axis 
(point group Dsa), the spectrum exhibits in addition to the above intensity alterna- 
tion an intensity alternation of the type strong, weak, strong, weak, • • • within the 
first positive and the first negative sub-band corresponding to the alternation of 
statistical weights in the K = 0 levels (see above). The same applies to each com- 
ponent band if the inversion doubling is resolved for molecules of symmetry Ca^. 
No such case has as yet been resolved. 

For molecules with four-, five-, six-fold axes a four-, five-, six-fold intensity alterna- 
tion of the Q branches results. For example, for CeHe the intensities of successive 
“lines” in a Eiu — Aig band would be proportional (apart from the Boltzmann factor) 
to 10, 11, 9, 14, 9, 11, 10, 11, 9, • • • [see Wilson (933)]. 

If the flipper and lower states are reversed^ that is, if we have a difference band with a degenerate 
lower state, we obtain, taking into account also the fact that the +Z, — Z selection rule is reversed 
(see above), instead of (IV, 60) 

= yo -h ± 2iA'M - 

+ (IV, 62) 

From this it is seen that, apart from the difference introduced by the slight dependence of A on Vi, 
a _L difference band has the same spacing of its Q branches as the corresponding fundamental band* 
whose upper state forms the lower state of the difference band. 

Transitions between two degenerate vibrational levels. As we have seen previously, a transition 
between two doubly degenerate vibrational states of a symmetric top molecule {E — E transition) 
has a 1 1 as well as a JL component of the oscillating dipole moment ; the two have, however, in general 
very different magnitudes. For the 1 1 co7nponent, since -h I + Z, — Z — I, we have a structure 
very similar to that of an ordinary 1 1 band (Fig. 122) ; but each sub-band with the exception of the 
one with iC = 0 is split into two components (compare Fig. 118), which according to (IV, 42) will 
be given by 

^ ^ zp 2{Ai^^i' - (IV, 63) 

The splitting would be very small if in the upper and lower state one and the same degenerate 
vibration were excited by the same amount (1 — 1 band of a sequence starting with a |1 band) since 
then If, however, two different degenerate vibrations are excited in the upper and lower 

state (f/ 9 ^ the splitting will be large, and will obtain a structure very similar to that of a 
JL band with a separation of successive lines appi-oximately equal to 2A(f/ — The difference 

from a X band will lie in the fact that there will be an intensity zero for the Q branch with iT = 0 
in the center of the band* As can be seen from Fig. 118b, in the case of molecules with three«f old axes, 
there will again be the intensity alternation strong, weak, weak, strong, • • • in the series of Q branches. 

For the X component of an E — E vibrational transition, since — ' I + I for AK = + 1 and 
^ I ^ I {qy AK — — 1 we obtain again a single series of sub-bands as for ordinary X bands. 
The origins of the sub-bands according to (IV, 42) are given by 

-1-Ta(„,( 1 -l-2ri0 - i?i„]] ± 2[(A(„, - 2?f,.)) + - A'UnlK 

-h [KaC^j - - (AfCj - (IV, 64) 

where the upper sign refers to AK = -|- 1, the lower one to AK — — 1. If the difference between 
A' and A" and between B' and B" is small we obtain, as before, a series of almost equidistant “lines” 
— Q branches — ^whose spacing is 2(A — B) if fi' = fi” and otherwise is 2[[A(1 -f li' — — JS], 

As can be seen from Fig. 118, for a molecule with a three-fold axis this series has again an intensity 
alternation strong, weak, weak, strong, ■ > • ; but unlike the ordinary J_ bands the zero line is between 
two weak lines. 

No actual case of a transition between two degenerate states has as yet been studied in detail. 
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Analysis of infrared bands, moments of inertia, and intemuclear distances of 
S3mmietric top molecules. If in a 1| hand the K fine structure is not resolved (that is, 
if all sub-bands coincide), its structure is essentially the same as a JL band of a 
linear molecule, and we can obtain the rotational constants B' and B" in the same 
way as there /rom the combination differences A^F'iJ) — R(J) — P{J) and A^F'^J) 
— R(J — 1) — P(J + 1) respectively (see p. 390). This procedure, if applied to 
the 1 1 bands reproduced in Fig. 123 and Fig. 124, gives the Bq" values summarized, 
together with others, in the later Table 132 (p. 437). It is hardly necessary to point 
out that the A 2 ^"(/) obtained from different || bands of one and the same molecule 
must agree for every J value if the lower state is in common. Moreover, the sum 
of the wave numbers of two succeeding lines in the pure rotation spectrum must 
also be exactly equal to the appropriate A^F^'^J) value of a rotation-vibration band.®® 

In the case of molecules that are only approximately symmetric tops, the value 
of B' and B*' obtained in the way indicated above gives the average of the two almost 
identical rotational constants, that is, §(J5 -j- (7) (see Chapter I, section 4). 

The rotational constant A cannot be obtained from a | [ band. 

It should be realized that a slight systematic error occurs in the analysis of 1 1 bands 
whose K fine structure is not resolved, due to the fact that with increasing J an 
increasing number of lines (which do not exactly coincide) contribute to the measured 
‘Tines.” However, if\l this has a negligible effect, except possibly for the 
smallest J values; and even if A and B are of similar magnitude the effect is slight, 
since the intensity of the sub-bands decreases from K = 1 on. 

If the K fine structure of a \\ hand is resolved, each sub-band can be dealt with in the above- 
described way. Apart from the very slight influence of centrifugal distortion Qn particuilar the 
rotational constants Djk in (I, 27) 3. the for all sub-bands must agree for every mach 

group of lines of a given J (see Fig. 122 and Fig. 127) is represented by a formula exactly like (IV, 58). 
If the lines of such a group are plotted against S? , a straight line should bo obtained whoso slope gives 
(A — A.") (,B' B"), The slope should be the same for each J value as long as centrifugal 

sti-etching terms are neglected. This is shown in Fig. 133 for ^Pk(5) and ^PkCG) of the NHs band 
V 2 , according to the data of Sheng, Barker, and Dennison (785) (compare Fig. 127). In both cases 
the slope gives (A' - A") - (B' - B") = 0.279 cm-i.si Thus, since B' and B" can be obtained 
from the sub-bands (see above). A' — A" can be determined, which in the case of a fundamental vi 
snelda oep, in the case of an overtone or combination band a multiple of ocp or a combination of oiA 
values. But A' and A" separately cannot be determined. 

The only case other than bills foi which a fairly complete resolution of a 1 1 band has been obtained 
is that of the NaH photographic infrared bands (see Fig. 129). Eyster (318) determined Bq" from 
the combination differences for each sub-band while B^^^ was obtained by determining B^ “■ B^^ 
from R(J — 1) -f P(J') (see p. 391), The very small difference B' — B" that was obtained explains 
why the Q branches are such exceedingly sharp “lines.” 

The rotational constants A can only be obtained from ± bands. (In principle 
also the B values can be obtained from them if the P and R branches of the sub-bands 
are resolved, but no such case has as yet been investigated.) If the molecule is 
accidentally (or approximately) a symmetric top, {A' — B'} can be obtained from the 
linear term of the formula (IV, 59) representing the Q heads of the sub-bands (that 
is, vo""*^), and (A' - B') - W' - B") from the quadratic term. Then if B' and 

For the few / values that the near and far infrared measurements of NHs have in common the 
agreement is very satisfactory [[see (956) (281) (115) and (785)]. 

31 Sheng, Barker, and Dennison have determined (A' - A") - (j5' — B") by taking the differ- 
ence of successive Unes, dividing by 2ii: -1- 1 and then averaging. Such a procedure is less accu- 
rate than the above* 
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B" are known A' and A" are immediately obtained. Here again, a more accurate 
way of determining A' — B' and A" — B" is by means of the combination differences^ 
which. are immediately obtained from (IV, 41) or (IV, 59 ): 

^Qk-i - ^Qk+1 - A2^F"(J, K) - F’\J, K-^l) ~ F'\J,K ~ 1 ) 

= 4.iA" - (IV, 65) 

^Qk - ^Qk = Ai^F'iJ, K) = F'(J, K + 1) - F'(J, K - 1) 

= 4(A' - B')K. (IV, 66 ) 

Since these relations hold for any J they apply also to the unresolved Q branches. 



Fig. 133. ^Pk(.5) and ^Pk(6) of the NH 3 band 931.S8 cin”^ as a function of K? Qaftor the data 

of Sheng, Barker and Dennison (785)]. — The left-hand scale applies to the lower, the right-hand 
scale to the upper curve. The point in square brackets represents the average of the two lines with 
K — 0 and iiC = 1 which are not resolved. 


In this way the A — B values have been obtained for N3H by Eyster (318) and for 
C 2 H 4 by Gallaway and Barker (345). For these slightly asymmetric top molecules 
the constant B of the symmetric top has to be replaced by the average j§ of the two 
rotational constants B and C (see p. 488). From the A — B values thus derived 
from a JL band, A can be obtained if B is known from 1 1 bands (as is the case for 
C2H4) or from the || component of the same hybrid band whose J_ component 
supplied A ~ B (as has been done for N3H). 

In the case of _L bands of molecules with a more-than-two-fold axis, when the 
upper or lower state (or both) is a degenerate vibrational state the constant of 
the vibrational angular momentum enters the formula for the series of Q branches 
[compare (IV, 60], and therefore A — B cannot immediately be determined. While 
the coefficient of F? in the formula for the branches still gives (A' — B') — {A" — B"), 
the coefficient of the linear term gives 2(A' — A'^i — B'). In order to obtain A' 
and A" it is necessary not only to know B' and B" but also fi. Nor are the combina- 
tion differences of any help since corresponding and '‘lines’' no longer have 
the same upper state (see Fig. 118) and since therefore the combination differences do 
not permit a complete separation of upper and lower rotational levels. Instead of 
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(IV, 65) and (IV, 66), one obtains from (IV, 60) (upper state degenerate): 

^Qk-i ~ ^Qk^i = 4(^" — - B")K, (IV, 67) 

^Qk~ ^Qk = 4(A' - A'^i - B')K. (IV, 68) 

In principle can be obtained theoretically from the force constants and approximate 
values for the internuclear distances [compare the formulae of Silver and Shaffer 
(790) and Shaffer (776) for planar and non-planar XYs and of Shaffer (777) for 
XYZ3]. But this method is not very practical for a determination of the rotational 
constant A and has not been attempted in any case. 

However, a determination of the constant A is nevertheless possible when all 
degenerate fundamentals of the same species have been resolved, since the sum of 
the fi, as we have seen above, is independent of the potential constants and can be 
expressed in terms of A and B. Neglecting the dependence of A and B on v (that 
is, the convergence of the lines in the perpendicular bands), we obtain for the sum of 
the spadngs Avi = 2[A(1 — ^i) — B~} in all (/) fundamentals of a given species: 

E Avi = 2/(A - B) -2AYi U (IV, 69) 

For example, for the methyl halides (or similar molecules) there are three fundamentals 
of species E: V 4 , vs, re- With (IV, 47) for Ti* we therefore obtain 

Av4 At Avs + Are = 6A — 7B, (IV, 70) 

from which A can be obtained if B is known. For example, for CHsBr (see Fig. 
130), Av 4 -|- Avs -}- Are = 28.3 cm While no || band of CHsBr has as yet been 
completely resolved, from the separation of the maxima of the unresolved P and R 
branches of such bands [according to formulae similar to (IV, 27) for linear molecules; 
see Gerhard and Dennison (352)3 a rough value B =0.31 may be obtained. Since 
A this is sufficiently accurate for a determination of A from (IV, 70). One 

obtains A = 5.08 cm“i. In a similar manner, the A values of the other methyl 
halides given in Table 132 have been obtained [see Dennison (280)]. 

It should be noted that the accuracy of the A values determined in this way is not very high, 
since the dependence of A and S on u has been neglected, and also since the sum rule for f,- holds 
exactly only under the assumption of strictly harmonic oscillations [that is, for the ft'* in (IV, 50)3. 
If sufficiently accurate measui'ements were available, some improvement could be obtained if instead 
of the average Avi the linear terms 2(A' - A'^i - JB') of (IV, 60) were used in (IV, 69). Assuming 
that in the sum rule A' and B' can be used, we would obtain first A', from which A” could be 
obtained with the help of the coefficient of the quadratic term. 

It may be mentioned that the best practical way to obtain the coefficient of in (IV, 60) is 

toplot-^Qjs: + against which gives a straight line whose slope is 2 [(A' — B') — (A" — B")l. 

The best way to obtain the linear term is to plot ^Qk — [(A' — B') — (A" — JS'OlA? and 
~ f ~ ~ against K, which gives straight lines both of which have the 

slope 2(A A'fi — B'). By this procedure the coefficients in the equations (IV, Ola and b) were 
obtained. 

In Tabl© 132 the rotational constants A[o] and B[o] of all symmetric top molecules 
so far investigated nvo collected together. The corresponding moments of inertia /a*’ 
and Ib^ are also given. While in most cases some other or Ap,] values have also 
been determined (compare the references quoted), in no case are all the a A or a A 
values known, so that the Be and A® values cannot be determined. Fortunately 
the a are small, and therefore the moments of inertia and internuclear distances 
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132. BOTATIONAL CONSTANTS AND MOMENTS OF INERTIA OS’ SYMMETRIC 
TOP MOLECULES IN THEIR GROUND STATES. 


Molecules 

5 [o] (cm~'b32 

A[o] (cm 

/js® (10-*« , 

gm cm®) 

Ja® ( 10-*» 
gm cm®) 

Jc®(10-*® 
gm cm®) 

References 

NHa 

9.9413* 

(6.309) 

2.816 

(4.437) 


(785) 

NDs 

5.13836 

(3.157) 

5.448 

(8.863) 

=j£» 

(624) (280) 

CH3D 

3.878g 

(5.2450 

7.2177 

(5.3372) 

=/r® 

(362) (207) 

(J il 3 

0.8496 

5.IO0 

32.95 

6.489 

=Jr» 

(138) 

CH3C1 

0.49 

5.097 

57.1 

5.492 


(827) 

CHsBr 

0.3133“ 

5.O82 

90 

5.508 

=j£® 

(138) 

CH3I 

0.2833“ 

5.077 

100 

5.5I4 


(138) 

CaHe 

0.662133 

2.53833 

42.28 

11.03 

=Jr® 

(798) 

CHsCsCH 

0.2848 


98.29 


=Jr® 

(440) (69) 

BF3 

0.35r, 

(0.178) 

78.9 

(158) 


(344) 

N3H 

[0.3996] 

20.346 

69.38 

1.3759 

70.75 

(318) 

H2O2 

[0.825] 

10.056 

37 

2.7838 

37 

(977) 

C2H4 

[0.9 lie] 

4.867 

28.08 

6.752 

33.85 

(345) 

C2D4 

[0.6522] 

2.437 

37.93 

11.487 

49.42 

(345) 

H2CO 

[1.216]38 

9.40438 

21.65 

2.9768 

24.62 

(288) 

CH3NH2 

[0.7385] 

3.50 

37 

8.00 

37 

(847) (680) 

HCOOH 

[0.348] 

2.554 

75.3 

10.96 

86.3 

(128) (848) 

cyclo C3H0 

0.668036 


41.91 



(797) 

CH3OH 

[0.8032] 





(169) 


determined from j4[o] and J 5 [ 0 ] are fairly good approximations to the equilibrium 
values (compare Tables 129 and 130). 

In the case of the nearly symmetric_top molecules, as shown on p. 48, the B value 
obtained from the || bands is really B = + C). For plane molecules such as 

N 3 H and C 2 H 4 we have the relation 

Ic = Ia + Ib, (IV, 71) 

which holds strictly only for the equilibrium moments of inertia, but with very good 
approximation also for the P. Therefore if A is known, B and C can be obtained 
separately from B. The following relations are easily found: 

B = - {A- B) + C ^ {A + B) - 

The values of 1b^ and Ic^ obtained from these relations are also given in Table 132. 
For non-planar molecules B and C can of course not be obtained from B. 

32 Values in. squai-e brackets are B values. 

33 Values in parentheses ai-e obtained indirectly. 

3‘i T'his is the average of the B vahios for the two inversion doubling components. The pure ■ 
rotation spectrum (see Chapter 1) gives 9.945 cm~^. 

33 From the pure rotation spectrum, Barnes (115) obtained the (less accurate) value 5.13 cm~^. 
•iBrt From the separation of the P and R maxima of the infrared bands as given by Dennison (280). 
Sutherland (825a) gives slightly different values. 

3® These values were kindly supplied l>y Dr. Xi. G. Smith in private communications and are 
very slightly changed compared to those in the abstracts by Smith and Woodward (798) and- by 
Smith (797). 

32 Since these molecules are not planar the individual Ib and la values cannot be obtained from 
the observed B. 

33 From the ultraviolet spectrum. 
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Up to now the sum rule has been used for the determination of A only in the 
case of the methyl halides. In the case of NH 3 and ND 3 a much better value of A 
is obtained from the isotope effect, assuming that internuclear distances and angles 
are the same in NH 3 and ND 3 , Similarly, for CH 3 D the value of A can be deter- 
mined from the B value, assuming tetrahedral structure and r(C — H) = r(C — D). 
These indirectly determined A values are put in parentheses in Table 132. 

With the knowledge of the A values thus obtained, it is now possible to obtain 
the following values from the observed spacings in the perpendicular bands : 


NHj 


f3 = 0.06®9 

r-i - 

- 0.26 


ND 3 


rs = 0.20 

r4 - 

- 0.36 


CH3D 


U = 0.24 

fs = 

- 0.27 

fe = 0.66 

CH3F 


f4 == 0.099 

Ts = 

- 0.294 

fc = 0.280 

CH3CI 


f4 = 0.100 

Ts == 

- 0.273 

fe = 0.222 

CHsBr 

Vi 

K = 0.053 

Ts ~ 

— 0.232 

fe = 0.208 

CH3I 


^4 = 0.058 


- 0.216 

re = 0.187 


The values for ND3 fit fairly well the sum rule (IV, 46), not used in their derivation. 
The sum rule (IV, 47) is not fulfilled for CH 3 D, probably on account of insufficient 
resolution of the X bands which did not allow an unambiguous assignment of the 
fine structure lines. . 

A very striking confirmation of the assumption of equal internuclear distances in 
isotopic molecules is supplied by the I a values of C 2 H 4 and C 2 D 4 , which should be in 
the ratio mul^-o = 0,50037 ; the observed ratio is 0.5007. 

From the moments of inertia in Table 132 some or all of the internuclear distances 
and angles can accurately be determined, although not always without some simplify- 
ing assumption. We consider first those molecules for which an unambiguous 
determination of the geometrical structure is possible : 

The simplest case is that of BF3, which is known to be plane and symmetrical 
(see p. 298), and for which therefore the observed B value is sufficient to determine 
the geometrical structure. Since for plane XY 3 

In = hi A = 

we obtain: • 

BFg: ro(B - F) = 1.29i X IQ-* cm. 


This value is not very accurate, since the B value is obtained only from a partially 
resolved band. It agrees well with the electron diffraction value 1.30 =t 0.02 X 10~® 
cm given by L 6 vy and Brockway (574a). 

For non-planar XY 3 there are two quantities that determine the geometrical 
structure, for example, the X — Y distance r(X — Y) and the angle 13 of X — Y with the 
three-fold axis. These quantities are given by the two moments of inertia I b and 
I A according to the relations : • 


I A = SmrrHXY) sin^ ; 


Ib 


ZmYrHXY) 

2(1 + 5 :^) 

\ mx / 




(IV, 72) 


From and the sum rule. 

Dennison (280) adjusted the values slightly so that they would fulfill the sum rule exactly. 
He gives fs = 0.185, = — 0.368. 
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However, tor NH 3 only Ib is reliably determined and therefore it is necessary to 
use in addition Ijs of ND 3 to determine r(N — H) and jS. We obtain, by applying 
the second equation (IV, 72) to both NHs and ND 3 , 

NHsCNDa) : ro(N — H) = 1.014 X 10“® cm, S = 67® 58'. 

'rtie height of the pyramid is ho = ro cos = 0.381 X 10"* cm, a value that agrees 
well with that obtained from the magnitude of the inversion doubling (see p. 224), 
but is more accurate. The H — N — H angle following from the above is a = 106® 47'’ 
and the H — H distance ro(H — H) = 1.628 X 10“® cm. 

For tetrahedral molecules XY 4 , and therefore for CH3D, the structure is com- 
pletely determined by the one r(X — Y) distance. One finds easily 

Jjj(CH 3 D) = + mo ~ \ ro2(CH), (IV, 73) 

\ me H- Stwh + mr> / v > ^ 

from which, together with the Ib value in Table 132, it follows that 

CH 4 (CH 3 D) : ro(C — H) == 1.0936 X 10~® cm. 

The moments of inertia of C2H4 alone are not sufficient to determine the geo- 
metrical dimensions, but with the moments of inertia of C 2 D 4 they are uniquely 
determined and in addition the check mentioned above is provided. Gallaway and 
Barker (345) obtained 

C 2 li 4 (C 2 D 4 ) : • ro(C— H) = 1.071 X lO”* cm, 

ro(C=C) = 1.353 X lO'^ cm, 

^ HCH = 119°55'. 

For the remaining molecules of Table 132 additional assumptions have to be 
made in order to evaluate at least some of the internuclear distances. 

In the case of H 2 O 2 , assuming the asymmetrical C 2 structure given in Chapter III, 
p. 301, with certain assumed values of the angles and the OH distance equal to that 
in H 2 O, Zumwalt and Gigufire (977) obtain 

H 2 O 2 : ro(0 — O) = 1.48 X 10~® cm. 


In the case of N3H, assuming a linear N — N — N chain with a ratio of the two 
N — N distances of 1.10 (the end N atoms having the smaller distance), and an N — H 
distance of 1.012 X 10“* cm (somewhat smaller than in NH3), Eyster (318) obtained 

N 3 H: ro(HN — N) = 1.241 X 10~» cm, 

ro(N — N) = 1.128 X 10“* cm, 

HNN = 110 ® 52'. 


In the case of the methyl halides, if the C — H distance is assumed to be the 
same as in CH4 (CH3D), the carbon-halogen distance and the H — C — H angle can 
be determined. One obtains : 


CH;,F: 

CH 3 CI: 

CHaBr: 

CH3I: 


ro(C— F) = 1.398 X IQ-® cm 
ro(C— Cl) = 1.7i X 10-8 
ro(C — Br) = l.Os X lO”® cm 
ro(C— I) = 2 .O 0 X 10-8 cm 


^ HCH = 111“ 48" 
^ HCH = 111“ 52' 
■k HCH = 112° 6' 
^ HCH = 112° 12' 
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While the carbon-halogen distances, except ro(C — F), are not very accurate since 
the 1 1 bands have not yet been completely resolved, the deviation of the HCH angle 
from the tetrahedral angle (109° 28') and its increase in the series of halogens is believed 
to be genuine, and appears to be rather significant. 

If, in a similar way, we assume for CaHe the same C — H distance as in CH4, we 
obtain, from the moments of inertia of Table 132: 

CaHe: ro(C— C) = 1.573 X IQ-^ cm, ^ HCH = 112° 12'. 

If in methyl acetylene the C^C, =C — H, distances are taken over from C 2 H 2 
(see Table 130) and the CH 3 group is assumed to have the same structure as in CH 4 , 
the C — C single-bond distance is found to be 

CH 3 — teC— H: ro(C— C) = 1.469 X lO-^ cm. 

If on the other hand the CHg group is assumed to have the same structure as in 
ethane (see above) a value ro(C — C) = 1.477 X 10~® cm is obtained. 

If in H 2 CO (formaldehyde) we assume the same C — H distance as in ethylene 
we obtain for the C=0 distance and the HCH angle from the moments of inertia 
in Table 132 

H 2 CO: ro(C=0) = 1.225 X lO'^ cm ^ HCH = 123° 26'. 

In cyclopropane (CgHe), since only one moment of inertia is known, two geo- 
metrical data have to be assumed in order to calculate the third one. Assuming a 
Dzh structure (see p. 352f.) and a C — H distance as in ethylene n^o(C — H) = 1.071 
X 10~® cm3 and an HCH angle of 120° one obtains 

cyclo CsHe: ro(C — C) = 1.296 X lO'^ cm. 

With an HCH angle of 180° and the same C — ^H distance one obtains 

cyclo CsHe: ro(C — C) = 1.556 X 10-^ cm. 

If, finally, in CH3NH2 the internuclear distances and angles in the CH3 and NH2 
groups are assumed to be the same as in CH4 and NH3 respectively, one obtains for 
the C — N distance [[Owens and Barker ( 680 ) 3 : 

CH 3 NH 2 : ro(C — N) = 1.48 X 10 ~® cm. 

The assumptions made above for the second group of molecules could be tested 
(or corrected) if the corresponding “heavy” molecules were investigated. 

It is very interesting to compare the C — C single-, double-, and triple-bond dis- 
tances as obtained above for C 2 H 6 , C 2 H 4 , and in Table 130 for C 2 H 2 - They are 

^o(C C) = 1.573, ro(C=C) = 1.353, ro(C=C) = 1.207 X 10~® cm. 

It is very significant that the C — C single-bond distance in CH3 — C=C — H (1 .469.10“® 
cm), where it is adjacent to a triple bond, is appreciably smaller than in C 2 H 6 . 
Finally, the small but definite differences between the C — H distances in CH4, C2II4, 
and C 2 H 2 (that is, when they are adjacent to single, double, and triple bonds re- 
spectively) are noteworthy, and correspond to the similar differences between the 
C H force constants (see Table 50) and C — H bond frequencies (see Table 51 ). 
We have 


ro(— C— H) = 1.0936, 


ro(=C— H) = 1.071, ro(=C— H) = 1.059 X 10-« cm. 
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(c) Raman spectrum 

Selection rules. As with the infrared spectrum, so with the rotation- vibration 
Raman spectrum, the vibrational and rotational selection rules are to a very good 
approximation the same as for the pure vibration spectrum (see Table 55) and the 
pure rotation spectrum respectively. In the most general case, when the top axis 
is not an axis of symmetry, we have 

AK — 0, db 1, db 2 and AJ = 0, dr 1, ± 2, (IV, 74) 

with the restriction 

J' + J" > 2 . 

But if the molecule has symmetry, certain values of AK do not occur, depending on 
the type of the vibrational transition. Placzek and Teller (701)' have shown that 
transitions with AK = 0 occur only for vibrational transitions for which or 

Zoixx + cKyi/II"’” or both are different from zero {z axis = top axis) ; transitions with 
AK = rb 1 occur only for vibrational transitions for which or or both 

are different from zero; and transitions with AK = rb 2 occur only for vibrational transi- 
tions for which or or both are different from zero. From this 

general rule and the vibrational selection rules in Table 55 it follows immediately that 
for all transitions between totally symmetric vibrational states of molecules of point 
groups C 2 v, Di, Vh, and all axial molecules with a more than two-fold axis, only 
AK = 0 occurs; whereas for all transitions between a totally symmetric and a non- 
totally symmetric vibrational state only AK — dr 1 or AK == dr 2 or both occur, but 
never AK — 0. In particular, for E — Ai transitions of molecules of point group 
Czv, both AK = rb 1 and AK = dr 2 occur, whereas for the similar transition E' — Ax 
of Dzh only AK = rb 2 occurs. For E — Ax of only transitions with AK = rb 1 
occur, whereas for Bx — Ai and — Ax of C^v (and similarly Bxo — Axg and B^g — Axg 
of £> 4 a) only AK = rb 2 occurs. 

If the upper state is a degenerate vibrational state with Coriolis splitting (^i ^ 0) 
and the lower state totally symmetric, the additional rule applies that /or AK = -H 1 
and AK = — 2 only the -1- I sublevels, for AK = — 1 and AK == H- 2 only the — I 
sublevels of the degenerate state combine with the lower non-degenerate state. If the 
degenerate state is the lower the reverse rule holds. 

Just as for the infrared spectrum, only rotational levels of the same species can 
combine with one another (see p. 415). This rule does not lead, however, to any 
additional restriction of the possible AK values, since it is implicitly taken into ac- 
count in the above rules for AK. However, this symmetry rule does lead to re- 
strictions of the combinations of the sublevels for a given K and J. 

Totally symmetric Raman bands. If the molecule has no symmetry but is acci- 
dentally a symmetric top, all transitions allowed by (IV, 74) would occur; that is, 
there would be in each Raman band five series of sub-bands with five branches each. 
Since no example is known of such a case, we shall not discuss it in detail. The 
structure, however, can easily be visualized by superimposing appropriate bands 
from among those discussed in the following paragraphs. 

If the molecule is a (nearly or genuine) symmetric top on account of its symmetry 
and belongs to the point groups D^, Vn, or any of the axial point groups with a 

This restriction corresponds to the rule J == 0 0 for dipolo radiation. 
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niore-than-two-fold axis, for a transition, between two totally symmetric vibrational 
states only AK = 0 occurs (see above). We have, therefore, one series of sub-bands 
of much the same type as for a |1 infrared band (Fig. 122), except that (1) there are 
now in each sub-band — in addition to the three branches P, Q, and R — an 0 and an 
S branch with double the spacing of the P and R branches (AJ = ± 2; see p. 20), 
and that (2) the Q branches are relatively much stronger (there is a strong Q branch 
also for El = 0). Since for Raman bands the difference between the rotational 
constants in the upper and lower states is always very small, the complete band also 

ha^ five branches, each line of which arises 
by the superposition of a number of lines 
of different sub-bands, very similar to the 
three branches of a || infrared band for 
which A' « A" and P' « B". Alternate 
lines of the P and R branches coincide 
with the lines of the 0 ■ and B branches. 
The resulting appearance of the band is 
much the same as that of the rotational 
Raman spectrum (see Fig. 13), although 
here there would be a slight convergence of 
the lines as in a 1 — 0 Raman band of a dia- 
tomic molecule. Since all the line-like Q 
branches of the sub-bands coincide, they 
will form in general a very strong central 
line-like Q branch of the whole band. This 
is usually the only part of the band that 
is observed. The relative intensity of the 
five branches in its dependence on IaIIb is 
indicated in Fig. 134. It is seen that the 
intensity of P and R branches decreases with decreasing IaNb and is zero for 
IaNb = 0, the case of the linear molecule (see above). The formulae for the in- 
tensities of the individual lines in the branches are the same as for the pure rotation 
spectrum [see equations (I, 49) and (I, 50), and Placzek and Teller (701)]. 

For molecules of point groups Cg and Czh that are nearly symmetric tops, in 
addition to oizz and dxx cnyy, also otxy is totally symmetric (see Table 55) ; therefore, 
in addition to AK — 0, also AK = ± 2 occurs for totally symmetric Raman bands. 
A discussion of bands with AK = ± 2 will be given below. It is clear that as before 
the line-like Q branch will be the predominant feature of the Raman bands. 

Ron-totally symmetric non-degenerate Raman bands. For nearly or accident- 
ally symmetric top molecules of point groups C^,,^ D^, Vh, and for genuine sym- 
metric top molecules with a four-fold axis, the non-totally symmetric non-degenerate ■ 
Raman bands A^ Ai, B\ — A, Big — Ag, B — A respectively have AK = ± 2 only, 
according to the selection rule on p. 441 and Table 55. The resulting fine structure is 
very similar to that of a J. infrared band as given in Fig. 128, except that each sub- 
band now has, in addition to P, Q, and R branches, an 0 and an /S branch, that the 
spacing of the sub-bands, that is, of the Q branches, is equal to 4(A— P) rather than 
2{A—B) (if the interaction of rotation and vibration is neglected) and finally that, 

'** Assuming that the Cj; coincides with the top axis. 



Fig. 134. Relative intensity of the branches 
in a totally symmetric Raman band of a sym- 
metric top molecule as a function of IaIIb 
[after Placzek and Teller (701)]. — See caption 
of Fig. 125. 
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since for AK = — 2 the smallest K value is 2, one sub-band (with K — 1) is missing 
which would occur at vq. For medium resolution, therefore, such a Raman band 
should consist of a series of lines of nearly equal spacing, 4 (-4 — B), with a zero-gap and 
without a strong central line. No such structure has as yet been resolved. For 
the intensity alternation in such bands see Chapter I, section 2, and Placzek and 
■Teller (701). 

In the case of nearly symmetric top molecules of point groups Ca, €%, Czh, C^v, 
B 2 , Vji, the non-totally symmetric non-degenerate Raman bands A"— -A', B — A, 
Bg — Ag, Bi ,2 — Ai, B 2 ,z — A, B 2 g,zg — Ag respectively have AFC — =fc 1 instead of 
AK = d? 2, since for them only Q-re different from zero (see 

Table 55). Raman bands with AK = rfc 1 would be still more similar to JL infrared 
bands in that the spacing of the Q branches (sub-bands) would be 2(A — -B). 

Degenerate Raman bands. For Raman transitions from the (totally symmetric) 
ground state to a degenerate upper state, we may have AiT = zfc 1 or AK == rfc 2 
or both. 

The first case, AK = rfc 1, as can be seen from Table 55 in conjunction with the 
general selection rule on p. 441, applies to E" — A\ transitions of Dzh molecules, 
E — 4.1 transitions of € 4 ®, Dih molecules, — Ai transitions of Csv j Cfiv y Dzh, I>zh, and ‘ 

a few other molecules. In this case, since the selection rule for the Coriolis sub-levels 
is also the same as for a _L infrared band of the same molecules, we have the same fine 
structure (see Fig. 128), except that again each sub-band has an 0 and an S branch 
in addition to the P, Q, and R branches. The line-like Q branches which form the 
main feature of the band can be represented by the same formula (IV, 60) as for 
the X infrared band; that is, they form a series of nearly equidistant lines of spacing 
2[4(1 ~ ^,) — JS]. No such fine structure has as yet been resolved. 

The second case, AK = ± 2, applies to E' — Ai transitions of Dzh molecules, 
P 2 — Ax transitions of Czv, C^v, Dzh, D^h molecules, and a few others. In this case 
we have again a series of sub-bands (see Fig. 128) whose line-like Q branches form 
the most prominent feature. But since AK is different (±2), and also since the 
selection rule for the Coriolis sublevels is different, a different formula holds. We 
obtain from (IV, 41) and (IV, 42), taking account of the selection rules. 


Vli 


sub 


Vq -1- 4[4[fl](l + Ti) ■“ ^[o\} ± 4 ^ ^ K 

+ L(A'm - P['.,) - (A^ - (IV, 75) 


where the + sign holds for AK 
the former case iv = 0, 1, 2, ■ ■ 
as usual, we put A' — A", B' 

r / f 

nines’’ -- ---- . I A I . , 


-1- 2 and the — sign for AK = — 2 and where in 
in the latter K = 2, Z, 4, . It follows that if, 

= B", the Q branches form a series of equidistant 


of spacing 4 2 ) — pj which, if is small, is double the spacing 


in a band with AK = db 1 (just as for the previously considered non-degenerate 
band with AK = ± 2). ■ There is again a line missing in this series, now at vq -|- 24^^. 
It is important to note that does not enter into equation (IV, 75) in the same 
way as it does into equation (IV, 60). If, therefore, a degenerate state combines 
with the ground state both in the infrared and in the Raman spectrum, and if the 
Raman band has AK = =fc 2, its U may be determined from the observed spacing 
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in the infrared and in the Raman effect without any assumption about the force 
constants, lack of anharmonicity, and so on; and therefore I a may also be directly 
determined. For example, the transition E' — Ai of Dsk is possible both in the 
infrared and Raman spectrum and might thus be used for a determination of I a. 
Actually, however, no Raman band of this type has as yet been sufficiently resolved. 
The third case (_AK = d= 1 and AK = ± 2) applies to E — Ai Raman bands of 
Css and Da molecules, to Eg—Aig Raman bands of Da a molecules, and to a few others, 
since for them both and [o-o: are different from zero (see Table 

55). In this case we have, of course, simply a superposition of two series of line-like 
Q branches, one with a constant spacing 2ZA(1 — ^i) — D], the other with a constant 
spacing 4£A(1 -f ^i/2) — assuming again that A' = A" and B' = B" . The 
former has no missing line, the latter has a line missing near the center. Fig. 135 
shows such a structure schematically. Naturally for three-fold symmetry there is an 
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Fig. 135. Fine structure of a degenerate Raman band with AAT = db 1 and ± 2 . — The figure 
has been drawn to scale for Vi of CH 3 F for which the necessary data are known from the infrared 
spectrum. No Raman observations of sufficient dispersion have as yet been made. The intensity 
alternation is indicated by the weight of the lines. 

intensity alternation of the type strong, weak, weak, strong, • • • in each of the two 
series of Q branches. From the spacing in the two series, if B is known from || 
infrared (or Raman) bands, A and can be determined, and from the former the 
moment of inertia, Ia, about the symmetry axis. Unfortunately, for NH3, the only 
molecule of this type for which the Raman spectrum of the gas has been investigated 
under sufficiently high dispersion, the degenerate Raman bands were too weak for 
observation. 

Unresolved Raman bands. According to the above discussion, Raman bands of 
symmetric top molecules corresponding to totally symmetric vibrations have a 
strong central Q branch resulting from the superposition of the (strong) line-like Q 
branches of all sub-bands, whereas Raman bands corresponding to non-totally sym- 
metric vibrations (degenerate or non-degenerate) have a series of Q branches which 
are widely spaced if the moment of inertia about the top axis is small. In the first 
case, therefore, if the Raman spectrum is investigated with the usual low dispersion 
(that is, when the fine structure is not resolved), verp sharp Raman lines will be ob- 
served. They represent the Q branches of the bands, the other branches usually 
not being recorded since their lines do not all coincide. On the other hand, in the 
second case the unresolved Raman bands appear as broad lines (bands) with a flat 
maximum, whose height is much smaller than in the first case, since the various Q 
branches do not coincide. This is one of the main reasons why non-totally sym- 
metric Raman lines are usually much weaker than totally symmetric ones. With 
medium dispersion Nielsen and Ward (670) have indeed found that in the gaseous 
state the non-totally symmetric Raman lines are broad. This is well illustrated by 
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the Raman spectrum of PCI 3 in Fig. 136, due to Nielsen and Ward. While they found 
that in the liquid state, on account of quenching of molecular rotation (see Chapter 
V, section 2) the lines are sharper, even in the liquid state they are usually not as 
sharp as totally symmetric Raman lines, a fact that has long been recognized [see 
Kohlrausch (14)3. 

Conversely, diffuseness of a Raman line of a symmetric top molecule may be taken 
as a strong indication that one of the vibrational states involved is non-totally symmetric. 
If definitely established for the gaseous state, such a diffuseness is in fact at least 
as good an indication as the depolarization of the Raman Hne.^^ The opposite con- 
clusion, from the sharpness of a Raman line of a symmetric top molecule, is not as 
certain, since if is close to 1 for AK = d= 1, or if U is close to for AK = ± 2, 
even for a degenerate Raman line the various Q branches coincide approximately 
and would form a sharp ‘Tine.’’ 


3. Spherical Top Molecules 

We shall consider here only the rotation-vibration spectra of spherical top mole- 
cules of point group Td, that is, of tetrahedral molecules, and not those of lower or 
higher symmetry, since infrared and Raman bands have been resolved only for this 
type of spherical top molecules. 

(a) Energy levels 

Non-degenerate vibrational states. The zero-approximation energy of a rotating 
and vibrating spherical top molecule is, of course, simply the sum of the vibrational 
and the rotational energy discussed previously. Again, in first approximation, the 
interaction between vibration and rotation can be taken into account by using in 
the expression BJ{J -H 1) for the rotational energy [see equation (I, 51)] an effective 
B value, R[a], averaged over the vibration. By analogy with the previous formulae for 
linear and symmetric top molecules, we may put 


B[vl = Be 



(IV, 76) 


where Be is the B value of the equilibrium 'position and where now di, the degree of 
degeneracy of the vibration Vi, may be 1, 2, or 3. We can therefore write for the 
total energy, in a first approximation, 


T ^ G(vi, V 2 , • • •) + Bi„iJ{J -b 1). (IV, 77) 

While for degenerate vibrations additional interaction terms due to Coriolis coupling 
appear (see below), for non-degenerate vibrational levels (IV, 77) represents a very 
pod approximation. Comparing it with (IV, 6), we see that the rotational levels 
in non-degenerate vibrational states of spherical top molecules are very similar to 
those of linear molecules, except that the statistical weight is (2J + 1)^ instead of 
( 2 /+ 1 ). 

In the liquid state there may also be other reasons for a broadening. 

It will be remembered that a totally symmetric Raman line may have a degree of depolariza- 
tion up to f, that is, may in exceptional cases be completely depolarized, so that it could not be dis- 
tinguished by the polarization from a non-totally symmetric Raman line. 
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As for linear molecules, the finer interaction of rotation and vibration leads also 
to centrifugal distortion represented by a term + 1 )^ in the energy formula. 

But up to the present time sufficiently accurate data are not available to require 
taking account of this effect. 

Degenerate vibrational states. As in the case of symmetric top molecules, the 
Coriolis forces that occur in the rotating molecule may produce an interaction between 
mutually degenerate vibrations, which in its turn will lead to an appreciable splitting 
of the degeneracy. 

There are three species of degenerate vibrational levels in tetrahedral molecules, 
E, Ft, and F^. The fundamentals of the molecules y 4 and XY 4 have only species E 
and J ^2 (see p. 140). Now it can fairly easily be seen by a consideration of the vibra- 
tions in Tig. 41 that if one component of the doubly degenerate vibration vz is excited 
the Coriolis force does woi tend to excite the other component, no matter what the 
direction of the axis of rotation. Therefore no Coriolis splitting arises for the doubly 
degenerate vibrational states. The rotational energy levels are the same as for the 
non-degenerate vibrational states (see equation IV, 77). 

The absence of Coriolis splitting follows quite generally for any state of species E of point group 
Td from Jahn’s general rule (p. 376). The product E X of the species of the two interacting vibra- 
tions, according to Table 33, is Ai H- ^2 -b E, that is, does not contain the species of the rotation, 
which is Fi in this case (see Table 28). 


However, for the triply degenerate vibrational states the Coriolis interaction does 
cause a splitting. This is most easily seen by considering the vibration of XY 4 in 
Fig. 41. For a rotation about the z axis, if the component vsa is excited, the Coriolis 
force tends to excite vzc, whereas vsb is uninfluenced. Therefore a splitting occurs 
in this case into three components, one of which has the “original” frequency. The 
other two, as for symmetric top molecules, are not simply vza and vzc, but linear 
combinations of these vibrations which no longer tend to go over into each other in 
consequence of the Coriolis force. These two linear combinations are, as previously, 
the two circular oscillations, the clockwise and the counter-clockwise, whose angular 
momentum is p. Actually, since the force on the Y nuclei is not the same in all 
directions, the motion is not circular but elliptic, p is parallel or antiparallel to the 
total angular momentum J. 

The rotational energy values for the three sublevels are given by a formula very 
similar to that for symmetric top molecules Csee Teller (836), Shaffer, Nielsen, and 
Thomas (781), and Dennison (280)3, namely^® 


= Bm./(./ + 1) + 2J?t„]r.(./ + 1), 

7r(o)(j) = J3[,,i/(,/ + 1), (IV, 78) 

F(~HJ) = JhnJiJ' + 1 ) - 


where ii is the magnitude of p in units 


It 

27 r 


for the particular vibrational state.^® 


Fig, 


Here a small additive term that is independent of J and is the same for all three component 
levels has been omitted. 

Tindal, Straley anh Nielsen (866) use Be instead of B[v\ in the second term on. the right, but 
Dennison (280) states explicitly that B [p] should be used. 
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137 gives at the top a graphical representation of the three sets of levels while at the 
bottom the levels of a totally symmetric state (ground state) are given. 

The formulae (IV, 78) hold for vibrational states of species Ft as well as of Ft 
(the former occurring only as upper states of certain overtone and combination bands 
of the XY 4 molecule). The values can be expressed in terms of the potential 
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Fig. 137, Rotational energy levels of a spherical top molecule in a triply degenerate (F^) and 
totally symmetric (Ai) vibrational state, — The transitions indicated will be discussed on p. 454 and 
p. 459. The broken-line levels do not occur (see Fig. 138). 

constants and the masses [[see Johnston and Dennison (476) and Shaffer, Nielsen, 
and Thomas (781)3. But, as for symmetric top molecules, the sum of the Vi 
Vi = 1 states of the same species is independent of the potential constants. Tor the two 
Ft vibrations vz and of XY 4 molecules, it follows immediately from the previous 
formula (IV, 47) for an XYZ3 molecule that 


^3 + ^ 4 = h 


(IV, 79) 


since here B = A and since one of the degenerate vibrations of the XYZ3 molecule 
goes over into the E vibration of XY4, which has ^*2 = 0 (see above). In forming 
the sum, and also in. (IV, 78), as previously, is to be taken positive or negative 
depending on whether or not the direction of rotation of the electric dipole moment 
of the molecule coincides with the direction of the angular momentum of vibration p. 


Johnston and Dennison (476) also worked out the f values for some of the overtone and combination 
levels. They found for the Ft sublevels of 2vs and 2vi’. i" = — f 3 and — respectively, while for 
Vi + Vi they found f — — Kfa + f t) However, they did not take into account the Coriolis 
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interaction with the other sublevels, which leads to rather more complicated relations Lsee Shaffer, 
Nielsen, and Thomas (782)3- For the combination levels r)- vz and + vz, Vivi + Vi and 

-h Vi the f values are the same as for vz and 1^4 respectively QShaffer, Nielsen, and Thomas (781) 3- 

It may be mentioned that while E vibrational levels, apart from second-order effects (see below), 
do not show any Coriolis splitting, the E sublevels of overtone and combination levels that also 
have Pi or Fz sublevels do split, because of the interaction of E with Fi or F^, which in zero approxi- 
mation have the same energy. Thus the state 2vz (or 2 ^ 4 ) has sublevels Ai, E, and Pz- In conse- 
quence of anharmonicity these three sublevels (even without rotation) have slightly different energy. 
In consequence of Coriolis interaction both the sublevels E and 7^2 split linearly with increasing J 
[^see Shaffer, Nielsen, and Thomas (782)3. 

Symmetry properties of the rotational levels. As for symmetric top molecules, 
the rotational eigenfunctions of the spherical top molecules have certain symmetry 
properties which correspond to the symmetry types (species) of the rotational sub- 
group to which the molecule belongs. For the tetrahedral molecules of point group 
Td (the only ones we are considering here), the rotational subgroup (that is, the point 
group that has as symmetry elements only the symmetry axes of Ti) is T (see Table 
30). The species of this group are A, E, and F. It is obvibus that both Ai and A 2 
of Td belong to A, and both Ft and F 2 of Td belong to F of T.” Depending on the 
behavior of the total eigenfunction ^ « 4'e4'v'l'r with respect to the symmetry elements 
of T, we have three over-all species of rotational levels. A, E, and F. 

If Mv is totally symmetric, the species of the rotational level depends on the 
symmetry of only. A closer study of the rotational eigenfunctions of the spherical 
top shows |3see Wilson (933)3 that the species are those given in Fig. 138a for the first 
twelve rotational levels.'*^ For all but the first few rotational levels we have one or 
more sublevels of each of the three species. They are drawn separately in Fig. 138a, 
but it should be understood that without taking into account second-order inter- 
actions of vibration, rotation, and electronic motion (see below), all levels of a given 
J (2J 1 in all) coincide. For large J values, as can be seen qualitatively from 

Fig. 138a, there are for each J value equally many A and E sublevels and three times 
as many F levels as A levels. 

IfMv is not totally symmetric with respect to the rotational subgroup T, we have 
to “multiply” the species of rj/e'^v by the species of 4'r given in Fig. 138a, according 
to the rules of Table 33. For example, for J == 4 we have for totally symmetric 
the species A E + 2F of the rotational levels (see Fig. 138a). Therefore, if 
has species E we have for the rotational sublevels the species E X (A + E -h 2F) 
— E + 2A ■+■ E + 4F. The over-all species of the levels up to J = 12 obtained 
in this way for of species E and of species F (that is, Fi or F 2 ) are given in Fig. 
138b and 138c. In the latter it is also indicated, according to Jahn (468), which 
rotational sublevels belong to which to F^^\ and which to F^~K It may be 

noted that the F^^^ levels of Fi or F 2 have the same species as the levels of a totally 
symmetric vibrational state, except that the level with J — 0 is missing. The 
species of the F^~'^ and levels are obtained by shifting those of Fig. 138a up or 
down respectively by one unit. 

If the influence of the nuclear spin is disregarded, it is easily verified from Fig. 138 
that the statistical weight of a set of levels with a given J (apart from the ordinary 
space degeneracy) is 2/ -|- 1, 2(2J -f 1), and 3(2./ -j- 1) for vibrational levels of 
species A, E, and F respectively. However, in order to obtain the actual statistical 

The speciea of the higher levels can. easily be obtained from formulae given by Wilson (933) . 




Fig. 138. Species of the rotational levels of a spherical top molecule of point group Td (a) in an A, (b) in 
an jB, (c) in an F vibrational state. — A doubly or triply degenerate level is drawn as one line. Thus in (a) for J =6 
there are three F levels, one E and one A level. Levels drawn close together coincide when there is no Coriolis 
interaction {see text). 
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weights, we have, to take the nuclear spin I into account. If the spin of the identical 
nuclei is zero, only those rotational levels can occur whose eigenfunctions remain 
unchanged for any rotations that lead to an exchange of identical nuclei; that is, 
only the A rotational levels of Fig. 138 can occur. This would be the case for the mole- 
cules SO 4 , C 104 ~, Ni(CO )4 if they were regular tetrahedrons. For them, for 
example in a vibrational state of species Ai or Az, the rotational levels / = 1 , 2 , and 
5 would not occur (see Fig. 138a). 

If the nuclear spin I of the identical atoms is not zero, the inclusion of the spin 
function may cause the total eigenfunction of all rotational sublevels to be of species 
A. All rotational sublevels may occur hut with different statistical weights. For a 
tetrahedral XY 4 molecule with I (Y) — 5 , as Wilson (933) has shown, in a way similar 
to that indicated previously for XY 3 molecules, the species of the spin functions are 
bA E + 3F. For the A rotational levels we have to use a spin function of species 
A, of which there are five; for the E rotational levels we have to use the one spin 
function of species E in order to make the total eigenfunction of species A ; and for 
the F rotational levels we have to use a spin function of species F, of which there are 
three- Since E X E gives two functions of species A while A X A and F X F give 
only one each, it follows that the statistical weights of the A, E, and F rotational 
levels are 5, 2, and 3 respectively. From this the total statistical weights for each 
J can be obtained. For a vibrational state of species A (/ij or Af), they have been 
given in the previous Table 7, p. 39. For the other vibrational states they are 
easily obtained on the basis of Fig. 138b and 138c. For example, for J = 4 the three 
sublevels 4r, 4°, and 4'*“ have statistical weights (apart from the usual factor '2 J + 1 
for space degeneracy) (5 -i- 2 X3) = 11, (5 + 2 -+■ 2 X3) = 13 and (2 -h 3 X3) = 11 
respectively- These statistical weights apply, for example, to the molecules CH4 
and SiH 4 . For I(Y) = 1 according to Wilson (933), the symmetry of the spin 
function is 15A + 6 F + 18F, and therefore the statistical weights of the A, E, and 
F rotational levels are 15, 12 , and 18 respectively, leading to the total statistical 
weights given in Table 7. This table contains also the weights for /(Y) = f. 

Inversion doubling. In all tetrahedral molecules the inversion doubling is unobservably small 
since the potential hill separating the "left” from the "right” configuration is very high. But, 
strictly speaking, each of the rotational sublevola discussed above is double, one component being 
"positive,” the other "negative” with respect to an inversion. The potential field is then of point 
group Oh (compare the treatment of Cjw molecules p. 413), and the rotational subgroup is O, which 
has the same species (Ai, At, E, I<\, Ft) as Ta (see Table 28). The A rotational sublevels in Fig. 138 
arc therefore split into Ai and At, the F levels into Fi and Ft, the E levels into two E levels. For 
1=0 and Bose statistics of the identical nutsloi, only the At levels occur; for I = ^ and Fermi sta- 
tistics, only the At, E, and Fa levels occur, with weights 5, 1, and 3 respectively. Thus for I — f 
only the E levels are actually doubled by the possibility of inversion. Only for larger I values will all 
levels be doubled. Btit in any case, just as for Cj® molecules, the total statistical weight of each 
sublevel is not changed by the doubling. There is hardly a chance that the doubling will over be 
observed in the rotation-vil)ration spectra of tetrahedral molecules. For all practical purposes we 
can therefore draw our conclusions os thou(jh tJiere were only one nuclear configuration; we can therefore 
omit a detailed discussion of which levels are shifted up and which down Csee Jahn (468)]]. 

CorioUs splitting of the rotational levels. We have seen, above that each rota- 
tional level of a given J value consists of a number of sublevels ( 2 J H- 1 in all) which 
coincide in the approximation in which (IV, 77) and (IV, 78) hold. But if the finer 
interaction of vibration and rotation is taken into account, a splitting of these sub- 
levels occurs, for reasons similar to those for the Z-typ<^ doubling of linear molecules 
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(see p. 377). However, a splitting can occur only into as many levels of slightly 
different energy as there are different lines in Fig. 138. A rotational sublevel of 
species E or F, which is doubly or triply degenerate respectively, cannot be split 
into two or three components by the finer interactions, since these interactions have 
all a tetrahedral symmetry. Their degeneracy could only be removed by an 
external field. 

The splitting of levels with the' same J is largely due to the Coriolis interaction of 
different vibrations. The splitting will be the larger the closer together are the two 
interacting vibrational levels, and will be proportional to J(J + 1 ). This is in 
contrast to the Coriolis splitting of a triply degenerate vibrational state which is 
proportional to J, since it is due to the Coriolis interaction of mutually degenerate 
vibrations, not of different vibrations of different frequency. 

Since the rotation of a tetrahedral molecule (considered as a non-genuine vibra- 
tion) has species Fi (see Table 28) there are, according to Jahn’s rule (p. 376), seven 
types of Coriolis perturbations, namely those between the following pairs of vibra- 
tional levels (compare Tables 31 and 33) : 

Ai — Fi, Ai — F 2 , E — Fi, E — F 2 , F\ — Fx, Fx — F 2 , F 2 — Fa. 

Jahn (469) has shown that for A 2 —F 2 perturbations in second order approximation 
only the component of the Fa vibrational level is perturbed, and that for Fa — Fa 
perturbations only the F*^+^ and F^~^ components are affected. Also he showed that 
in both cases the shift is the same for each group of levels of a given J, so that there 
is no splitting but only a slight change of the effective B[v] values. The same applies 
to Ax — Fx and Fx — Fi perturbations not explicitly treated by Jahn. These conclu- 
sions may also be obtained qualitatively from Fig. 138 if it is remembered that only 
rotational levels of the same J and the same symmetry (including the behavior with 
respect to inversion) can perturb one another. Thus the rotational levels of the vi- 
brational ground state as well as of any other non-degenerate vibrational state are not 
split by Coriolis interaction with any other vibrational state.^® However, in the case 
of the three remaining pairs E — Fx, E — Fa, and Fi — Fa, different sublevels are affected 
differently, and therefore a splitting of the rotational levels of vibrational states of 
species E, Fx and Fa into as many sublevels as there are lines in Fig. 138 does take 
place. For example, consider the interaction between an E and an Fa vibrational 
level. The A sublevels of Fa for J = 1 and 3 are unperturbed since there are no A 
sublevels for J = 1 and 3 in the vibrational state E. But the F sublevels will be 
shifted, since they occur in both vibrational states for these J values. Similarly, for 
other J values, the number of sublevels of the three species is not the same in the two 
vibrational levels, and therefore the shift will be different for the different sublevels. 

While in general the Coriolis splitting here considered will be small, as is the 
Z-doubling for linear molecules, it will be very appreciable when the two interacting 
vibrational levels are close together. This occurs, for example, in CH 4 and similar 
molecules for the Vi = 1 levels of v^ie) and v^iff), which for CH 4 occur at 1526 and 
1306.2 cm~^ respectively. The Coriolis splitting will naturally become of importance 
also for the higher vibrational levels. Jahn (468) (469) has given detailed formulae 
for the perturbations of the individual levels of an Fa vibrational level interacting 

They may be slightly split by higher-order interactions and by centrifugal stretching terms, 
but the effect of these has not as yet been calculated Csee Wilson (934) 
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with an E and an Ft vibrational level. He has calculated the shifts numerically for 
the rotational levels of V 4 of CH 4 up to / == 10 [see also Shaffer, Nielsen, and Thomas 
(781) (782) and Murphy (646)]. 

In addition to the above-discussed perturbations, we have to expect also the 
occurrence of more irregular perturbations, for which a shift and splitting occurs only 
for a few J values, similar to the ordinary perturbations of diatomic and linear poly- 
atomic molecules. It is, however, premature to discuss these since no relevant 
experimental data are available. 

(fc) Infrared spectrum 

Selection rules. Just as for linear and symmetric top molecules, as long as the 
interaction of vibration and rotation is not too large, the vibrational selection rules 
are the same for the rotation-vibration spectrum as they are for the pure vibration 
spectrum (Table 55). In particrular, the ground state can combine (in infrared ab- 
sorption) only with vibrational states of species F^. The selection rule for the rotational 
quantum number J is, as always, 

A/ = 0, ± 1 . (IV, 80) 

In F^ vibrational states we have the F^'^'^, F^^\ and F^~'^ sublevels (see p. 447). 
According to Teller (836), for AJ =4-1 only the F^~'> levels combine with the (d.i) 
ground state, for A J = 0 only the F^^^ levels, and for AJ = — 1 only the levels. 

As for symmetric top molecules, since rotational levels of different species have 
different nuclear spin functions and since the coupling of the nuclear spin with the 
rest of the molecule is extremely slight, rotational levels of a given species can only 
combine with rotational levels of the same species; that is, 

A<-^A, E^E, F^F. (IV, 81) 

This rule holds very strictly not only for infrared transitions but also for transitions 
lirouglit about in any other way. Thus, as mentioned before, there are three non- 
eornbining modifications (analogous to ortho and para H 2 ) for any tetrahedral 
molecule. In tlie ground state their rotational levels are given by the three columns 
ill Fig. 138a. 

As always, only states of opposite symmetry with respect to inversion can comJnne with one another 
( -p <— > — ). However, this rule does not lead to any additional restrictions unless the inversion 
<loul)ling is resolved. Up to the present time no such case has been observed. 

F 2 — Ax transitions. The only rotation-vibration bands of tetrahedral molecules 
whose fine structures have as yet been studied in any detail are those whose lower 
state is the ground state (species Ai) and whose upper state is an F^ state. If for 
■tlie moment we neglect the Coriolis splitting of the F^ state into F+, F®, F~ compo- 
Tients, it is clear from the energy formula (IV, 77) and the selection rule (IV, 80) that 
we obtain a simple P, Q, and R branch, with the same formulae as for linear molecules. 
The spacing of the lines in the P and R branches would be 2J5 (apart from the slight 
convergence introduced by the fact that B' 5 ^ B"), whereas the lines of the Q branch 
would almost coincide. In this approximation, unlike the case of [[ bands of sym- 
metric top molecules, the individual lines would be single, even for a large difference 
"between B' and B", since here the band is not a superposition of sub-bands. But, 
£LS for a 11 band of a symmetric top molecule, the intensity of the lines with low J is 



454 INTERACTION OF ROTATION AND VIBRATION IV, 3 

relatively much smaller than that for bands of linear molecules, since the statistical 
weight is (2^ + 1)^ rather than {2J + 1). 

Actual investigation of the infrared bands of CH 4 , SiH 4 , and others with medium 
dispersion shows indeed such a simple structure (see Fig. 139). However, the spacing 
in different bands is rather different. The reason for this is, as for symmetric top 
molecules, the Coriolis coupling between rotation and vibration in the upper de- 



Fio. 139. Pine structure of the fundamental band vz of CH4 at 3.3 Iju [Rafter Nielsen and Nielsen 
(656) 3 . — -The length of the absorbing path was 2 cm at atmospheric pressure. The numbers written 
on the maxima are m values. 


generate vibrational state. In consequence of this the upper states of corresponding 
lines of the P, Q, and R branches are somewhat different (see Fig. 137). Using the 
formulae (IV, 77) and (IV, 78) for the rotational levels of the lower and upper 
vibrational state respectively, and remembering the above selection rule for the P"*', 
P°, F~ sublevels, we obtain for the R branch, 

R(J) = VO -f - ,2P[Vi -H- (3P[„] - + (^m - B'{,{)J^; (IV, 82) 

for the Q branch, 

Q{J) = 1^0 + {B[n - Bl,{)J + (Pf,) - Pr.i)J2; (IV, 83) 

and for the P branch, 

P(J) = Vo - (P[V] + Br«j - 2B'i,^ti)J + (B[«] - B'{„{)JK (IV, 84) 

As for diatomic molecules, the P branch and R branch form one series of lines 
represented by the one formula 

V ~ vq -\- (P[o] “H P[®] 2P[flj^('f)?w -|- (P{s] — B[v])m^, (IV, 85) 

where m = J + 1 for the R and m = — J for the P branch, and where one line, 
m = 0, is missing. If B' — B" « 0, as is always the case for fundamentals, the 
separation of successive lines in this series is very nearly constant and is equal to 
25(1 — ^i), while all lines of the Q branch coincide at the zero line vq. Since is 
different for different vibrations (within the limits +1 and —1), it is clear that the 
spacing of the lines in different infrared bands may differ widely. The moment of 
inertia of a tetrahedral molecule can therefore not be determined from the fine struc- 
ture of one infrared band alone. 

However, because of the sum rule for f ; it is possible to determine the moment of 
inertia if the spacing in all infrared-active fundamentals is known. For XY4 molecules 
there are two such fundamentals, vz and V 4 , for which i *3 + f 4 = i Zsee (IV, 79)]. 
Therefore the sum of the spacings in vz and V4 is 35, and thus 5, I n, and the X — Y 
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distance in XY 4 can be determined. For CH 4 , according to Childs (205), the spacing 
of the lines in the band vs at 3020 cm-i (Fig. 139) near the origin [where they are 
least disturbed by the quadratic term in (IV, 85)] is 9.93 cm-^, and in the band P 4 
at 1306 cm-i it is 5-74 emr\ Therefore 3B = 15.67 cm-i and B = 5.223 cm-K 
This is, of course, an average of the B values of the upper and lower states. Correct- 
ing with the (i5' — B") values known from the convergence of the bands, Childs 
obtained B[oj = 5.252 cm~^ From this and the observed spacing the individual 
values can be obtained. They are ^3 = 0.05 and ^4 = 0 . 45 . 

The above B[o] value cannot, of course, claim the accuracy of the B values of 
linear molecules since for the sum rule harmonic vibrations have been assumed. 
The corresponding moment of inertia is /s® = 5.330 X 10“"^° g cm^, and from this, 
since I = the C — H distance in CH4 is found to be 1.0929 X 10 ~® cm, which 

refers of course to an average internuclear distance in the lowest vibrational state. 
This value is in excellent agreement with the value 1.0936 X 10~8 cm that follows 
from the CH3D spectrum (see p. 439). The latter value is probably the more accurate 
one, since it is obtained from bands that are unaffected by Coriolis coupling. 

It is easily seen that, just as for ± bands of symmetric top molecules, the use of 
combination differences is not of much value in the analysis of infrared bands of 
tetrahedral molecules, since no two lines in the band have the same upper state (see 
Fig. 137). From (IV, 82) and (IV, 84) it follows immediately that 

R(J) - P(J) = 4JS'(1 - ^')(J -h J) (IV, 86 ) 

and 

E(J _ 1 ) - P(j 1 ) = (4B" ~ 4B'U)(J + I). (IV, 87) 

The initial and final levels are therefore not separated. However, at any rate, the 
differences R(J) Pid) and R(J 1 ) — P(J -[- 1 ) plotted against J should yield 
very nearly straight lines. Actually, in the case of CH 4 this is not very well fulfilled, 
as there is a slight curvature. This is apparently due to the fact that the higher 
rotational levels of the upper vibrational state are perturbed by Coriolis interaction 
with other vibrational levels (see p. 452). 

Indeed, with higher dispersion the higher rotational lines in the CH 4 bands are 
resolved into two or more components. Such a splitting is just indicated for the last 
lines of the P branch of the fundamental vji of CH4 in Fig. 139. The splitting is very 
large for of CH4, as seen in Fig. 140, and clearly disturbs the regularity of the P 
and R branches. The splitting is also very clear in the photographic infrared band 
of CH4 at 11060 A, reproduced in Fig. 141a. 

In CH 4 the frequency of the active fundamental V 4 ,{h) is fairly close to that of 
the inactive fundamental v<iie) (1306 compared to 1526 cm-^). Therefore the 
Coriolis interaction (which according to the above is possible between E and Fz levels) 
will be strong, leading to a considerable splitting of the higher rotational levels into 
sublevels (see Fig. 138). Childs and Jahn (208) have carried out detailed calcula- 
tions of the perturbations of 1/4 by v^, and have obtained striking agreement between 
the calculated and observed spectra (Fig. 140). Such an agreement can, of course, 
be obtained only when the perturbing state is known, as well as fairly accurate values 
of the moment of inertia and of (that is, of the unperturbed energy levels). It 
would be very difficult to use the perturbation formulae for an exact evaluation of 
the moment of inertia. Most of the combination and overtone bands of CH4 (see 
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for example Mg. 141b), have a still more complicated structure than the fundamental 
Vi, obviously because the perturbations are still larger. None of these, with the 
exception of the simple band at 9042 cm“’^ (Fig. 141a), has as yet been analyzed. 

The only tetrahedral molecules other than CH 4 whose infrared bands have been 
resolved are CD 4 [[Nielsen and Nielsen (658)], SiH 4 [^Steward and Nielsen (807), 



Fig. 140. Pine structure of the fundamental band of CHi at 7.65^t [after Nielsen and Nielson 
(656) ]. The length of the absorbing path was 2 cm at atmospheric pressure. The numbers writton 
on the maxima are m values. 

Tindal, Straley, and Nielsen (865) ( 866 )], and GeH 4 [Steward and Nielsen (808) 
Straley, Tindal, and Nielsen (865) (818)]. E’er them the situation is very similar to 
that in CH4, that is, while vz shows a simple structure, only the lines with large J 
being split, is very strongly perturbed, and so are most of the combination and 
overtone bands. The values for the rotational constants B [ 0 ] obtained for these mole- 
cules are less accurate than for CH4. They are given together with the resulting 
moments of inertia and internuclear distances in Table 133. 


Table 133. BOTATIOINAL constants, MOMEN’TS of inertia, and INTERNtlOLEAR 
DISTANCES OF TETBAHEDRAD XY4 MOLECULES. 


Molecule 

j&[o] (cm b 

/b® (10 gm cm^) 

r(X— Y)(l()-8 cm) 

CH4 

5.252 

5.330 

1.0929''“ 

CD4 

2.64t 

10.57(5 

1.089 

SiH4 

2.96'>o 

9.46 

1.456“ 

GeH4 

2.87®o 

9.75 

1.478 


Forbidden vibrational transitions. The Coriolis perturbation causes a mixing of the eigen- 
functions of the two levels concerned (as do all perturbations). If the perturbation is sufficiently 
strong this may lead to the breakdown of the vibrational selection rules which hold for rotatiou- 
vibration spectra only under the assumption of small interaction of vibration and rotation. If 
according to the vibrational selection rules one of two interacting states can combine with the ground 
state bnt not the other, with increasing rotation the second will assume to some extent properties 
of the first and therefore will be enabled to combine with the ground state. Thus the interaction oj 
vibi'ation and rotation may lead to the occurrence of forbidden vibrational transitions^ 'particularly for 
the higher rotational levels (for *7^ = 0 the vibrational selection rules hold rigorously) . 

A more accurate value is probably 1.0936, obtained from the CII3D spectrum (see p. 439). 

These are the IT' values given by Tindal, Straley, and Nielsen (866) (818). Their J?o is our 
which is not given here sinbe Tindal, Straley, and Nielsen^ s method of evaluation docs not appear 
to be without objections (for example, they assume B to be independent of 2;i), 

Tindal, Straley, and Nielsen (866), due to an arithmetical error, give 1,65, 
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Such forbidden transitions have been observed by Straley, Tindal, and Nielsen (817) (866) (818) 
for SiHi and GeH 4 , for which the active fundamental and the inactive fundamental vz(e) are 

fairly close together, and therefore the Coriolis perturbation is relatively large. They found in both 
cases, in addition to the fundamental band Vi, another much weaker band in the infrared which must 
be interpreted as the “inactive” fundamental vz. Confirmation of this interpretation is supplied 
(1) by the agreement with the value for vz obtained from combination bands, (2) by the fact that the 
Q branches of the two bands are shaded in opposite directions, away from each other, as would be 
expected on the assumption of a perturbation (repulsion) that increases with J. 

It appears likely that as more detailed investigations are carried out more such forbidden vibra- 
tional transitions will be found, not only for tetrahedral but also for other molecules. Their actual 
occurrence for SiH 4 , GeH 4 , emphasizes that in the interpretation of weak Raman or infrared bands 
the possibility of a violation of the vibrational selection rules even in the gaseous state must be 
considered (see the case of C2H4, p. 328). Thus the (weak) occurrence in the Raman or infrared 
spectrum of a certain vibration that is forbidden by the selection rules for a certain structure (point 
group) of a molecule does not necessarily rule out that structure, unless it can be shown that no Coriolis 
coupling could produce these bands. Fortunately, as can be seen from Jahn’s rule (p. 376) by no 
means all forbidden transitions can be made weakly active by Coriolis interaction. For example, 
the rule of mutual exclusion for molecules with a center of symmetry (p. 256) holds rigorously even 
when Coriolis interaction is taken into account. 

(c) Raman spectrum 

Selection rules. Again for the Raman spectrum as for the infrared spectrum, 
if the interaction of vibration and rotation is not too strong the vibrational selection 
rules remain the same as for the pure vibration spectrum. The selection rule for J 
is the same as for the symmetric top ; 

AJ = 0, d= 1, d=2; r+J">2. (IV, 88) 

However, for the totally symmetric Raman lines of tetrahedral molecules, only 
A/ = 0 can occur [see Placzek and Teller (701)], since during the whole vibrational 
motion the polarizability ellipsoid remains a sphere. 

Unlike the case of symmetric top molecules there is here no selection rule for the 
three Coriolis sublevels of a triply degenerate state. The rule (IV, 81) 

that only rotational levels of the same species can combine with one another holds 
of course here, as well as for the infrared spectrum. 

Ai — Ai transitions. Since for totally symmetric Raman lines {Ax — Ai) only 
A/ = 0 occurs, and since for Raman transitions always B' » B", only one strong 
sharp “line” (the superposition of all Q lines) is to be expected, without any accom- 
panying branches even for heavy overexposure. This is in conformity with observa- 
tion, for example for CH4, although in most other cases, even when they should occur, 
other branches have not been observed. 

F 4.1 transitions. If the upper state of a Raman band of a tetrahedral molecule is doubly 
degenerate, all five branches given by (IV, 88) may occur. The structure would therefore be ex- 
pected to be very similar to that of a totally symmetric Raman band of a symmetric top molecule, 
except that the intensity distribution would not be as regular. No such band has as yet been ob- 
served. The separation of successive lines in the P, R and 0, S branches would be 2B and 4B 
respectively, since there is no vibrational angular momentum for vz(.e). In CH4, SiHi, and GeHi 
the higher rotational lines would be split on account of the Coriolis interaction with PiCfz) which has 
a similar frequency. 

Fz — Ax transitions. Since there is no selection rule for the F^+\ F^°\ F^-'> levels of 
an Fz vibrational level, we obtain from (IV, 88) fifteen branches for an Fz — Ai transi- 
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tion, five for each sub-band — ^J.i, Fz ^ — Ax, and Fz ~ — Ax. These fifteen branches 
are shown schematically in Tig. 142. The superscripts -H, 0, — indicate the upper 
vibrational sublevel concerned. According to (IV, 77) and (IV, 78) the spacings 
in the three pairs of branches /S+O”, S^O^, S~0^ would be (neglecting the difference 
between B' and B") 2B(2 -+■ li), 4jB, and 2jB(2 — fi) respectively; in the three pairs 
jB+P“, R~P'^ the spacing would be 2P(1 -f fi), 2B, and 2P(1 — li) respec- 

tively; in the three branches Q'^, Q®, Q~ it would be 2B^i, 0, and —2B^i respectively. 
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Fig. 142. Branches of an Fi> — Ai Raman band of a tetrahedral molecule. — The figure is drawn 
approximately to scale for of CH4 with B = 5.2 cm'”^ and f* — 0.45. The difference of the B 
values in the upper and lower state is neglected. The three predominating branches are indicated 
by heavy lines. For small values, as in the only observed case (1^3 of CH4), many of the branches 
here separated will almost coincide. 


Fortunately, as has been shown theoretically by Teller (836), the /S"*" series with 
spacing 2 P (2 -h fi) and the branch with spacing 0 and the 0 ~ series with spacing 
2 P (2 + (that is, the transitions Fz^ — Ax for AJ = -|- 2 , Fz^ — Ai for AJ = 0, 
and Fz~ — Ax for AJ = — 2 ) have predominant intensity. 

The Raman band vz of CH 4 observed by Dickinson, Dillon, and Rasetti (287) in 
the gaseous state does indeed show these three branches. The observed spacing of 
the lines, 21.5 cm~^, is therefore 2 P (2 ^ 3 ), whereas the line spacing 9.93 cm“^ of 

the infrared band vs is 2 P (1 — fa)- The sum of the two spacings yields 6 i? = 31.43 
or B = 5.24 cm~^. This result is independent of the sum rule for and the some- 
what doubtful spacing in the infrai-ed band vx, but is in very satisfactory agreement 
with the B value for CH 4 obtained above. If this Raman band could be measured 
more accurately with larger dispersion, and particularly if also the other branches 
could be observed, it would appear to supply the best method of obtaining a really 
precise value for the moment of inertia of CH4 (and similar molecules). 

Since the uppei' states of the /S'"*" and 0~ branches of an F-z — Ai llanain band are the same as those 
of the P"^ and R~ brancihos of the corresponding Pa — A\ infrared band, cowhination differences may bo 
used for the evaluation of the constants. From Fig. i;i7, in which the and 0~ branches are shown' 
by dotted lines, one can see easily that the following relation must hold : 

S+(J) - P+(J d- 3) = P-(J) - 0-{J + 3) = F''{J + 3) - P"(./) = 6P"(/ + 2). (IV, 89) 

■When the data of Dickinson, Dillon, and Rasetti (287) for the Raman band and of Nielsen and Nielsen 
(656) for the infrared band vs of CH 4 are used, it is found that the agreement of — P'^(J + 3) 

with R^iJ) — 0~{J 4- 3) is not very satisfactory. This may be due to insufficient accuracy of the 
Raman measurements, or to the second-order Coriolis splitting of the levels with larger J values in 
the upper vibrational state. 
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4. Asymmetric Top Molecules 

(a) Energy levels 

Unperturbed energy levels. As one would expect, just as in the case of linear, 
symmetric top, and spherical top molecules, so for asymmetric top molecules a good 
approximation to the energy of a vibrating and rotating molecule is obtained by 
taking the sum of the pure vibrational energy (see Chapter II) and the rotational energy 
(see Chapter I) calculated with effective values of the rotational constants (moments of 
inertia). That is, 

T = G(vi, V2, • • 0 + KBm + Cm)J(J + 1) + [Am - (IV, 90) 


where 

A[v] = Ae — 23 Oii'^(Vi + I), 

^ Be - T, CXi^iVi + I), (IV, 91) 

Cm = Ce — 23 CCi*^(Vi + I). 


A[t)], B[„], and Cm are the effective rotational constants, and is the quantity 

introduced in Chapter I, section 4, and determined by the equations (I, 60) and 
(I, 61) into which now the effective rotational constants have to be substituted. 
Ac, Be, Ce are the values of the rotational constants referring to the equilibrium 

position, that is, apart from the factor , the reciprocal equilibrium moments of 

Stt^c 


inertia : 


Ae 


h 




Be 


h 


Srr^cIiV 


Ce = 


h 




(IV, 92) 


where, usually, it is assumed that 

Ae> Be > Ce. 


(IV, 93) 


The correctness of the energy formula (IV, 90) — that is, the legitimacy of using 
the Wang formulae (I, 58) and (I, 60) for the rigid asymmetric top with effective 
rotational constants — has been proven in detail by Wilson and Howard (944) 
[see also Shaffer and Nielsen (780), Darling and Dennison (263), and Nielsen (666)]. 
However, this proof is valid only on the assumption that there are no nearby vibra- 
tional states that may perturb strongly the one considered. If the latter is the case 
we have to expect deviations from (IV, 90) (see below). 

According to (IV, 90) and the discussion in Chapter I, for each value of J we have' 
2J -b 1 different energy levels, whose positions are given by the equations (I, 60) for 
Wr. But these equations are slightly different for different vibrational levels on 
account of the dependence of Am, J5m, and Cm on the Vi according to (IV, 91). For 
practical calculations, the use of Ray’s equation (I, 59) rather than Wang’s equation 
(I, 58) with effective rotational constants may be more convenient, on account of 
the tables given by King, Hainer, and Cross (504) (see Chapter I, section 4). Natur- 
ally the approximations discussed in Chapter I, particularly for the case of a nearly 
symmetric top, may also be used here with effective rotational constants. 

As in the case of linear molecules, the rotational constants ai^, af are 

usually small compared to the Ae, Be, Ce respectively. As there, tlie cx.i can be 
resolved into three parts [equation (IV, 11)] Q-^.d^arm.) _j_ ^^(animrm.) ^^.(cjor.) 

main contribution is corresponding to the fact that in consequence of the 
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ariharmonicity of the vibrations the moments of inertia and therefore the rotational 
constants change. The term is due to the Coriolis interaction of different 

vibrations, and may become appreciable when two vibrations that can interact are 
close together (see further below) . But even if all anharmonic terms in the potential 
energy were zero, and if the Coriolis interaction were negligible, there would still be 

h 

the (small) contribution which is due to the fact that — r — averaged over 

h 

a harmonic vibration is not exactly (though nearly) equal to — — — . For the case 

SttcP 

of the nonlinear triatomic XYs molecule, Shaffer and Nielsen (780) and Darling and 
Dennison (263) have given explicit expressions for the ai (or their equivalents) in 
terms of the potential constants and dimensions of the molecule. 

It should be understood that the effective moments of inertia I^^^^ Ic'** 

obtained from A[»], C[v} are not simply the average moments of inertia in the 
vibrational state Cr]. It is the average A, B, C rather than the average Ia, Ib, Io 
that matters for the rotational energy levels of the vibrating molecules. This dis- 
tinction has a striking consequence in the case of non-linear triatomic molecules. 
For these as for any plane body, we have, for every instantaneous position of the 
nuclei, 

Ic = Ia-Y Ib. (IV, 94) 


This relation would, of course, also hold for the average moments of inertia. But 
it does not in general hold for the effective moments of inertia, since the latter are 


— _ ^ and similarly for B and C, and since (I)average ^ 

87r“C.4. (l/Ia)ftv<‘ruKe 
Therefore tliere is a defect, 


(l/I) 


average 


A = J 


c 


t»l 




.1«1 


(IV, 95) 


in the relation (IV, 94) if it is applied to the effective moments of inertia. Such a 
defect was first found from the experimental data for H 2 O by Mecke and his co- 
workers (612) (130). Darling and Dennison (263) have given explicit theoretical 
formulae for A as a function of v. It is found, as is plausible from the above, that 
in a first approximation A does not depend on the anharmonic terms of the potential 
energy. For the equilibrium values I® of the moments of inertia, the relation 
(I V, 94) must of course be fulfilled, although even for the lowest vibrational level a 
slight defect A exists, and has been observed for H 2 O. Similar considerations apply 
for more-than-triatomic planar molecules j but for them vibrations perpendicular to 
the plane of the molecule are possible, leading to a non-planar configuration in which 
(IV, 94) would not be fulfilled in any case, so that the effect is not as striking. 


The influence of ceniriftiffal stretching has already been considered briefly in Chapter I. In a 
first approximation the correction introduced will be the same for different vibrational levels. (This 
amounts to the assumption that Dv — De for diatomic molecules, which is usually a fair approxima- 
t/ioii.) In the sum rules of Table 8 (p. 50), which servo to determine the .4[«], B[u\, and Civ], these 
tjorrections have to bo taken into account for accurate evaluations [see Darling and Dennison 
(263) T Detailed equations, which replace the Wang equations (I, 58) and (I, 60) when both the 
dex>endonce of the rotational constants on the »,■ and the centrifugal stretching terms (as well as the 
dei>emlcnce of the latter on the Vi) are taken into account, have been given by Nielsen (C65) for J 
values ui> to and including / = 6. 
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Symmetry properties. As we have seen in Chapter I, section 4, each energy level 
of an asymmetric top has one of the symmetries + +, + - +, of its 

rotational eigenfunctions Cor A, B., B., and 5 . respectively after Mulhken 645); 
see Table 9]. Here the first sign refers to the behavior with lespect to a rotation 
by 180® about the axis of largest moment of inertia (c axis), and tie second sign 
refers to that with respect to rotation by 180® about the axis of smallest moment of 
inertia (a axis). An asymmetric top molecule may have no, one, or t nee two-fold 
axes of symmetry which coincide with the principal axes of inertia. It is therefore 
easy to see what the species of the rotational eigenfunctions is with respect to the rota- 
tional subgroup of the point group of the molecule. i 

For example, for point group C^v the rotational subgroup is C 2 . If the Ca coincides 
with the axis of least moment of inertia it is clear that the rotational eigenfunctions 
have species A or B (see Table 12) for + +, - -f- or + - levels respectively; 

if the C2 coincides with the axis of largest moment of inertia they have species A or 
B ior A- A- , + - or - respectively; if the C2 coincides with the axis of 

intermediate moment of inertia they have species A or ^ for + "h » ^ ’ 

|_ respectively. The species of the total eigenfunction {over-all species) with respect 

to the rotational subgroup is immediately obtained if it is remembered that for, C, 
AXA = A, AXB = B, BXB = A (see Chapter II, section 3e). Assuming a 
totally symmetric electronic state. Fig. 143a and b give the resultant species of the 
lowest rotational levels for Ai or A 2 and JSi or Bz vibrational states of a C2v mole- 
cule when the C2 coincides with the axis of least moment of inertia. Fig. 144a and b 
give the species when the Cz coincides with the axis of intermediate moment of 
inertia. Fig. 143 would apply to a molecule like H 2 CO, Fig. 144 to a molecule like 
H 2 O. The same figures would also apply to molecules of point groups C 2 or C 2 A. 

If there are three mutually perpendicular two-fold axes, as in the point groups V 
and Vh, the rotational subgroup is 7, which has the four species A, Bi, Bz, Bz (see 
Table 13). As is easily seen, these four species are the species of the rotational eigen- 
functions of the levels 4 — h, H > ” +> ” "" respectively, if the 2 and the 

y axes are the axes of largest and least moment of inertia respectively. If the z and 
X axes are the axes of largest and least moment of inertia respectively. A, Bi, Bz, Bz 

correspond to + +, + -, , and F- respectively, and similarly in other cases 

(see Table 13). The over-all species of the rotational levels for non-to tally symmetric 
vibrational states are again obtained by the multiplication rules, which for point 
group V are A X A = A, A X Bi ~ Bi, Bi X Bi — A, Bx X Bz — Bz, Bz X Bz — Bi, 
Bi X Bz = Bz. Fig. 145 gives, for the various vibrational levels of a molecule of 
point group Vn, the species of the lowest rotational levels, assuming that the z and 
X axes are the axes of largest and smallest moment of inertia respectively, as is the 


case for C 2 H 4 with our previous choice of axes (see p. 108) . 

If the spins of the identical nuclei are zero (in which case they follow Bose statistics, 
and the total eigenfunction must be symmetric with respect to an exchange of any 
two of them) only the A rotational levels occur, both when the rotational sub-group 
is Cz and when it is V. This would, for example, be the case for NO 2 and for N 2 O 4 
if they had the plane symmetrical structure. If the identical nuclei have non-zero 
spin, we have to multiply by the nuclear spin function in order to get the total eigen- 
function, and it is this total eigenfunction that must be of the same species for all 
occurring levels. As previously, by a suitable choice of the spin function the total 
eigenfunction may be made symmetric (or antisymmetric) with respect to any ex- 
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Fio. 143. Over-all species of the Fig. 144. Over-all species of the 

lowest rotational levels of a Cii,, (or C^h lowest rotational levels of a C^v (or C*>/i 

or C2) molecule when the doincides or C2) molecule when the Cz coincides 

with the axis of least moment of inertia with the axis of intermediate moment 

(a) for Ai and A*ji (or A, A^) vibra- of inertia (a) for Ai and A2 (or A, Ag, 

tional levels, (b) for Bi and (or B, /!„) vibrational levels, (b) for Bi and 

vibrational levels. — The signs (or B, Bu) vibrational levels- — See 

+ +I H • • have the same meaning caption of Fig. 143. 

as previously (for example I'ig. 19). 

At the same time the first of these signs 

gives for planar molecules the*‘parity/’ that is, the behavior with respect to inversion, 
for vibrational states that are symmetric with respect to the plane of the molecule (Ai 
and Bi for C 21 .)- For vibrational states that are antisymmetric with respect to this plane 
(A 2 and Bz of Czv) the parities arc revex'sed (see also p. 465). 
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Fig. 145. Over-all species of the lowest rotational levels of a Vh (or V) molecule when the z 
and X axes are the axes of largest and smallest moment of inertia (a) for Ag and Au (or A) vibrational 
levels, (b) for Big and Bin (or Bi) vibrational levels, (c) for B 20 and JJ 2 „ (or B 2 ) vibrational levels, 
(d) for B-ig and B-iu (or vibrational levels. — See caption of Fig. 143. 
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change of identical nuclei for all rotational levels; that is, in general all rotational 
levels can occur. 

When the rotational sub-group is C2, since a rotation by 180® exchanges two iden- 
tical nuclei, the total eigenfunction must be of species A if the nuclei follow Bose 
statistics, and of species B if they follow Fermi statistics. If there are several pairs 
of identical nuclei it is the “resultant’’ statistics that matters (see p. 54). For one 
pair of identical nuclei of spin | (for example in H2CO and H2O) there are three 
nuclear spin functions of species A and one of species B(for the same reasons that 
there are three symmetric functions and one antisymmetric function for diatomic 
molecules; see Molecular Structure I, p. 146). In order to make the total eigen- 
function of species B we have to combine the A rotational levels with B spin functions 
and the B levels with A spin functions. Thus the B levels in Fig. 143 and 144 have 
three times the statistical weight of the A levels. For other spin values, and in 
particular for the case of several pairs of identical nuclei, the weights of the A and 
B levels have been given in the previous Table 10 (Chapter I). They are determined 
by the formulae (I, 8) and (I, 9). 

When the rotational subgroup is V there is at least one set of four identical nuclei 
(for example in C2H4). A rotation by 180® about one of the two-fold axes corre- 
sponds to two exchanges of identical atoms. Therefore the total eigenfunction 
must be of species A no matter what is the statistics of the nuclei. If the four 
identical nuclei have I = ^ and all other nuclei present have / = 0 (as in C2H4) 
there are sixteen different spin functions, of which seven are of species A and three 
each of species Bx, B2, and Bz [the proof for this is similar to that given on p. 410 
for an XY3 molecule; see also Wilson (933)3- If the total eigenfunction is to be of 
species A the rotational levels of species A in Fig. 145 must be taken with spin 
functions of species A, the rotational levels of species Bx with spin functions of species 
Bx, and similarly for Bz and Bz. Therefore the rotational levels A, Bi, Bz, and Bz 
have statistical weights in the ratio 7 : 3 : 3 : 3. The results for some other similar 
cases have already been given in the previous Table 11, p. 54. 

In addition to the above symmetry properties, we have again the property 
positive or negative” with respect to an inversion. For non-planar molecules each 
rotational level is double (inversion doubling), one component being positive, the 
other negative. For plane molecules no such doubling exists; the rotational levels 
are either “positive” or “negative.” Since for a plane molecule a rotation by 180° 
about the axis of largest moment of inertia followed by a reflection at the plane of 
the molecule is equivalent to an inversion, therefore in a totally symmetric vibra- 
tional state the H — f- and -h — rotational levels (see p. 51) are “fjositive” the — -1- 
and — — levels are “negative.” These are the first signs on the right in Figs. 143a, 
144a, and 145a. As has been shown in more detail by Mulliken (645), the “parities” 
shown in these figures apply to all vibrational levels that are symmetric with respect 
tojihe plane of the molecule — that is. Ax and Bx of Czv and Ag, Bxg, Bzu, and Bzu 
of Vh — while for vibrational levels that are antisymmetric with respect to the plane 
of the molecules the reverse parities apply — that is, for Az and Bz of Czv and for Au, 
Bx,,, Bzo, and Bzg of 

In tho case of non-planar asymmetric top molecules the two inversion doublet sublevels will in 
general not have the same statistical weight (except for a molecule without symmetry). However, 


Molecules of point group V cannot be planar. 
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the sum of the weights of the two sublevels is agsiin. the suiiie as the 011 c ol)tain<Ml witJioiit (‘ousidcra- 
tion of the inversion doubling. Thus for CH[ 23 J ’2 the ratio of the statistical weights of the A and B 
rotational levels according to Table 10 (p. 53) is 10 : 6 - The weights of the positive and negative 
sublevels of an A level can be shown to be 7 and 3 respectively, of a j? level 3 and 3 respectively. In 
this case, a rotation about the two-fold axis (which leads to the distinction of A and -B levels ) always 
produces a simultaneous exchange of both pairs of identical nuclei, while a twisting of the molecule 
by 180^ (which is equivalent to an inversion) leads to an exchange of one pair only. 

A somewhat similar situation arises in the case of plane molecules of the type C 2 II 4 , where a 
twisting of the molecule about the C — C axis leads to an exchange of nuclei that cannot be brought 
about by simple rotations. The resulting doubling of the energy levels (which is not an inversion 
doubling; see p. 225f.) again does not lead to an increase in the statistical weight (see also sections 
of this Chapter). 

Perturbations# Just as for linear, symmetric top, and spherical top molecules, so for asymmetric 
top molecules perturbations may occur between vibrational levels that lie close together. These 
perturbations may again be of the Fermi resonancs or the Coriohs type^ and in either case we may have 
regular {vibratiorial) perturbations and irregulcir (rotationaV) perturbations • In all cases, only rotational 
levels of the same over-all species and the same J value can perturb one another. Tor pei'turbations 
of the Fermi resonance type, that is, between vibrational levels of the same species, the same 
considerations apply as for linear molecules (see p. 378f.). 

However, for perturbations of the Coriolis type, that is, perturbations between vibrational levels 
of different (vibrational) species which take place in consequence of the I'otation of the molecule, some 
special considerations are necessary. As previously, such perturbations vanish lor the rotationless 
state ( J = 0 ) , and increase quadratically with J. If the two vibrational levels that perturb each other 
are fairly far apart we obtain simply a change of the rotational constants A [ j,] , J5 [ u] , and C [t>] as com- 
pared to the unperturbed values. Thus we obtain the contributions to the rotational con- 

stants If the two vibrational levels are very close together we obtain rotational perturbations, 
that is, somewhat irregular deviations of the rotational levels from those given by the Wang formulae. 

For molecules of point group C^v the three rotations have species A 2 , -Bi, and B*z (see Table 13). 
According to Jahn’s rule for Coriolis perturbations (p. 376) and the multiplication rules for the 
species (A^ X At, — Ai, Bi X, Bi ^ Ai, Ai X A 2 = A 2 , Ai X Bi = Az X Bi == Bz, A 2 X B 2 = Bi, 
jBi X B 2 = A 2 ) we find immediately that the following pairs of vibrational levels may perturb one 
another : 

(Ai, A 2 ), (Ai, Bi), (Ax, ^ 2 ), (A 2 , ^ 1 ), (A 2 , B 2 ), (Bi, B.>). 

Thus, in the general case (when there are vibrational levels of each species) there are six kmds of 
Coriolis perturbations. 



Fia. 146. Coriolis forces in non-linear XY 2 for rotation about an axis perpendicular to the 
plane of the molecule (qualitative).— The solid arrows represent the velocities of the mndei on account 
of the vibration, the broken arrows represent the Coriolis forces. 

' f 

For nonAinear Xy 2 molecules since they have only vibrational levels of specicB Ax and Bi only 
one type of Coriolis perturbation (Ai, Bi) occurs. Fig. 146 shows the direction of the Coriolis forces 
for the three normal vibrations for a rotation about an axis perpendicular to the plane of the molecule. 
It is seen that in j' 3 ( 6 i) the Coriolis forces tend to excite mainly P 2 {ai) but to a alight extent also Pi{ai), 
and cdnversely in j^i(ai) and ^ 2 (^ 1 ) they tend to excite r 3 (&i)# Actually, for example for H 2 O and 
H 2 S, since vi is very close to vz (see Table 37), the Coriolis interaction of n and Pz is much stronger 
than that between V 2 and V 3 . From Fig. 143 or 144 it can be seen which particular rotational levels 
will perturb each other, if account is taken of the rule that they have to have the same over-all species 
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and the same J- If it is furthermore considored that the shift produced by the perturbation is 
inversely proportional to the separation of the unperturbed levels, and is in general different for 
different over-all species, it is immediately realised that the perturbation does not merely consist in 
an equal shift of all levels of a given As long as the unperturbed vibrational levels are fairly far 
apart, the perturbed rotational levels may be obtained from the Wang formula. by using appropriately 
changed rotational constants* However if the unperturbed levels are close together, more irregular 
perturbations arise, since the energy differences of different pairs of perturbing levels may be widely 
different. Formulae for this case have been given by Wilson (935). 

For plane XYZ 2 molecules all the above types of Coriolis interactions are possible, although for 
the fundamentals only (Ai, £ 1 ), (Ai, and (^ 1 , B 2 ) interactions are possible, since no As funda- 
mentals exist Csee Jahn (470)3* shows as an example the Coriolis forces for the vibrations 



Fio. 147. Coriolis forces in the vibrations vjs and of a plane XYZ 2 molecule for a rotation 
about the axis of symmetry. — ^The solid arrows represent the vibrational velocities, the broken arrows 
the Coi'iolis forces. The molecule is shown in oblique projection. The figure is approximately drawn, 
to scale for D 2 CO. (Compare also the normal vibrations in Fig. 24.) 

vc,(bi) and VQ(b 2 ) during a rotation about the symmetry axis. It is seen that in ]^ 6 ( 6 i) they tend to 
excite J' 6 (b 2 )» aud vice versa. In the case of H 2 CO, since the two vibrations have very similar mag- 
nitudes (see Table 76), a strong interaction results. Similarly a strong interaction is produced 
between »' 8 (ai) and >'b(?>i), and between i'i(ai) and Pi(bi) by a rotation about the axis of largest moment 
of inertia (perpendicular to the plane of the molecule), and between nnd ^ 0 ( 62 ) by a rotation 

about the axis of intermediate moment of inertia. There arc also some other pairs that can interact, 
but they have widely different frequencies in H 2 CO and therefore the interaction is very slight. 

For a molecule of point group VA(=Z) 2 /t) the three rotations about the 2 , ?/, and x axes have the 
species Big, and B’^g respectively (see Table 14). Therefore, using the same procedure as before, 
the following pairs of vibrational levels may interact in consequence of Coriolis forces: 

(Agf Big)f (Ag, B2g)i (Afff B[ig)f (Aut Biu)i (,Auy B‘Mt) ^ (Aw, -Baw), 

{Big, B^g), {Big, B,g), {B^g, B,g) , (i?lw, (Blu, Bsw) , (Bgw, B^u) ; 

that is, there arc twelve kinds of Coriolis perturbations. Of these, for the fundamentals of plane 
X 2 Y 4 mokwules, the perturbations (A^, Bna)f (Big, B^g), and (^ 2 ^/, Btig) do not occur since there are 
no fundamentals of species Bzg; the perturbation (Aw, Biu) does not ocscur since for the only funda- 
mentals of species Aw and Bu, (va and vr in Fig, 44) all nuclei move parallel to the axis of rotation. 
As an example, in Fig. 148, the Coriolis forces for the vibration pioOhu) of X 2 Y 4 are shown when it 



Fig. 148- Coriolis forces in the vibration ^10(^274) of plane X2Y4 for a rotation about the y 
axis.— See caption of Fig. 147. The Coriolis force on the X atoms is zero since they are moving 
parallel to the axis of rotation. 

is rotating about the ?/ axis. It is seen that vioCb^u) will interact with Pi(au), the twisting vibration. 
Vor C2H4, viQ and va have fairly similar frequencies and therefore the interaction may well be strong 
enough to cause a sufficient admixture of Pioib^u) to PAiaA so that the latter may occur weakly in the 
infrared in spite of the fact that without rotation such a transition is rigorously forbidden (see p. 468 
and p. 328), 
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In the actual calculation of the influence of the Coriolis interaction on the energy levels, it is 
necessary to work out, just as for linear molecules, the vibrational angular momenta px, Pu, px pro- 
duced by the various pairs of normal vibrations that can enter into Coriolis interaction [^equation 
(IV, 10)1], for example (n, vz) and (ra, vi) for non-linear XYa, and then introduce them into the 
general Hamiltonian (11,276) [see Wilson (935) and Jahn (470)]. Such calculations have been 
carried out for the case of the three vibrations vz, fs, and v& of DaCO (see above) by Nielsen (664). 
In this case the formulae are considerably simplified by the fact that the molecule is nearly a 
symmetric top. 

(&) Infrared spectrum 

Selection rules. If, as is usually the case, the interaction of vibration and rota- 
tion is not too large, the selection rules for the infrared rotation-vibration spectrum 
are again the same as those discussed previously for the rotation spectrum and the 
vibration spectrum separately, except that it is now the direction of the change of 
dipole moment during the vibration (see Table 55) that matters for the rotational 
selection rules. Thus, as always, we have 

A/ = 0, ± 1 ; / = 0 = 0. (IV, 96) 

Furthermore, if the alternating dipole moment lies in the axis of least moment of inertia 
(I a) we have the selection rule (see p. 55) that only the transitions 

-j — !-•(-> b and H ^ — (IV, 97) 

can take place, where the • refers to the symmetry of the rotational 

eigenfunction (see p. 51f.). If the alternating dipole moment lies in the axis of inters 
mediate moment of inertia, we have 

-b -j- and -| b ; (IV, 98) 

and finally, if the alternating dipole moment lies in the axis of largest moment of inertia, 
we have 

“b “f" H~ — and — -b — — . (IV, 99) 

If, as is usually the case in an entirely unsymmetrical molecule, the alternating dipole 
moment has none of these directions, all the above transitions can occur; that is, 
all but the transitions between states of the same +, ~ symmetry are allowed. If 
the alternating dipole moment is in the plane of two principal axes, only the transitions 
corresponding to these two axes are allowed. For the more symmetric molecules of 
point groups Cg®, V, and Vu the changing dipole moment always lies in one of the 
principal axes (see Table 55) and therefore only one of (IV, 97), (IV, 98), and (IV, 99) 
applies for a particular vibrational transition. 

As previously, transitions between rotational levels of different {over-all) species are 
very strictly forbidden, since the coupling of the nuclear spin with the rest of the mole- 
cule is so extremely weak. Thus we have, for Cj, Cm, and molecules, 

A<^A, B<^B; (IV, 100) 

and for V and Vh molecules, 

A<r^A, Bi^Bi, B-^^Bi, Bz^Bz. (IV, 101) 

These selection rules hold even for collisions, and therefore any particular gas consists 
of as many almost non-convertible modifications as there are rotational species of its 
molecules. Thus for H 2 O, HgCO, and all other Cu molecules with non-zero spin of 
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at least one pair of identical nuclei there are two modifications A and B (para and 
ortho), whose statistical weights are given by the previous considerations ( 1:3 for 
H 2 O and H 2 CO; see Figs. 143 and 144). For C 2 H 4 and similar Vh molecules with 
four identical nuclei of non-ziero spin there are four practically non-convertible 
modifications A, 3%, Bz (for C 2 H 4 in the ratio 7 : 3 : 3 : 3), while for N 2 ^^ 04 ^® 
there are only two such modifications on account of the zero spin of (see Table 11 
and Fig. 145). As can easily be seen from Figs- 143—145, the selection rules (IV, 100) 
and (IV, 101 ) are automatically fulfilled when one of (IV, 97)-(IV, 99) is fulfilled. 

Finally, as always, we have the selection rule for the symmetry property 'positive- 
negative 'with respect to inversion: 

+ (IV, 102) 

For non-planar molecules this rule is of importance only when the inversion doubling 
is resolved (see p. 465). For planar molecules, for which no inversion doubling 
occurs, it is automatically fulfilled when one of (IV, 97)-(IV, 99) is fulfilled. 

It must be realized that the selection rules (IV, 100)-(IV, 102) hold for any strength of coupling 
between vibration and rotation, whereas (IV, 97)— (IV, 99) hold only when this coupling is weak. 
But it is easily seen that for allowed vibrational transitions of plane molecules of point groups C 2 A 
and C- 2 v and of any molecules of point groups V and V/, the rules (IV, 100)-(IV, 102) lead to the same 
restrictions as (IV, 96)-(IV, 98). However, for forbidden vibrational transitions of these molecules 
made possible by strong Coriolis interaction, the rules (IV, 96)-(IV, 98) will be violated while 
(IV, 100)-(IV, 102) will still hold. 

Since the selection rules are different for the different orientations of the alter- 
nating dipole moment, we obtain in a molecule of point group Czv, V, or Vh three types 
of infrared bands which we call type A,®® type B,^ and type C hands depending on 
whether the change of dipole moment is in the direction of the axis of least, intermediate^ 
or largest moment of inertia. The infi'ared bands of molecules of lower symmetry 
consists of a superposition of two or all three of these types (hybrid bands). 

Type A bands. Fig. 149 gives schematically the possible transitions allowed by 
(IV, 9.6) and (IV, 97) for a type A band. Except for the species designations A, 
B, * • • , this figure holds for any asymmetric top molecule, as long as the change of 
dipole moment is along the axis of least moment of inertia. The over-all species 
designations A, B that are added to the levels hold for a Bx — Ax transition of a Czv 
molecule whose Cz axis coincides with the axis of intermediate moment of inertia, 
as in H2O and H2S. For other directions of the C2 axis the designations have to be 
changed according to the previous rules (p. 462). In brackets in Fig. 149 the species 
designations of the levels for a Bzu — Ag transition of a Vn molecule such as C2H4 
are added, assuming that the x axis (0=C axis) is the axis of least moment of inertia. 
The only importance of these species designations for the spectrum is that they 
determine the missing levels (see p. 462), and therefore the missing lines, when the 
spin of the identical nuclei is zero; and, when the nuclear spin is not zero (see p. 465), 
the intensity alternation of successive lines in the branches. At the bottom of 
Fig. 149 the actual spectrum that is produced is shown. (The figure is drawn to 
scale for the H 2 O band v-f)- It is seen that a rather complicated pattern arises, even 
though only the levels up to J" = 3 have been used. 

Those designations should not bo confused with the spocios designations A and B. 
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The structure of the band obtained, depends greatly, of course, on the relative 
values of the moments of inertia. Only near the limiting cases of the symmetrical 
top or the linear molecule can we expect any simple regularity. . Dennison (279) has 
calculated the energy levels with J = 0, 1, 2, 3, and 4 for the ten different ratios 
p = B/A = IaIIb = 0.1, 0.2, ■ • • 1.0 of a plane molecule for which I a + Ib — Ic, 
and has plotted the spectrum assuming that A' — A", B' = B", C' — C". His 
figure is reproduced in Pig. 150. Corresponding lines in the ten cases are connected 
by the thin curves onto which also the designations of the transitions are written. 
Por the limiting case p = 1 we have Ic = 2/^ and C — In the resulting J_ 

band of the symmetric top (see p. 424f.) the separation of successive Q branches is 
2((7 — A) = — 2C (== — A), whereas the separation of the lines in the P and R 
branches of each sub-band is 2 A — 4(7. Thus only one series of equidistant lines 
of spacing 2(7 appears. It is assumed in the diagram that C is the same for all cases 
given, and it is used as the unit on the abscissa. In the limiting case p = 0 we have 
.4. = 0, and obtain the structure of a 1 1 band of a linear molecule of moment of inertia 
Ic, that is, we have a simple P and R branch, again of spacing 2(7. Por very small 
p we have practically a |1 band of a symmetric top molecule (Ic = Ia + Ib^ Ib), 
with a central Q branch and P and R branches of spacing P + <7 (see Pig. 150 
and p. 418). 

Kramers and Ittmann (540) have given general formulae for the intensities of 
the individual lines of a band. But their evaluation would be extremely laborious 
Csee also Casimir (4)3.®®“’ The intensities indicated in Pig. 150 by the height of the 
lines have been derived by Dennison on the assumption of the approximate validity 
of the symmetric top intensities. At the same time a Boltzmann factor 1 has been 
assumed. Therefore all the lines in the limiting case p = 1 have the same intensity. 
Naturally, to obtain a more accurate picture it would be necessary to include higher 
J values as well as the effect of the Boltzmann factor. This has been done for. J 
up to 6 and p — 0.05, 0.10, 0.15, and 0.20 by Nielsen (660). The general result of 
Pig. 150 is thereby unaltei'ed: With decreasing p the lines of the Q branches (A/ = 0) 
shift toward the band center and for p = 0 their intensity would be zero. Under 
medium dispersion for small p a type A hand would therefore look exactly like a |I 
hand of a symmetric top molecule^ consisting of a strong unresolved central maximum 
accompanied by a series of nearly equidistant lines on either side. 

It must be realized that Pig. 150 is based on the assumption of equal rotational 
constants in the upper and lower states. If this assumption is not fulfilled the three 
branches will be shaded one way or the other. If the rotational constants in the 
upper and lower states are very different, as may happen for the photographic infrared 
bands, the crowding of the lines in the center of the band (Pig. 150) may not be at all 

Quito recently Cro 83 , Hainor, and King (249a) have given a very detailed and useful discussion 
of tho intensities for asymmetric top molecules and in particular have given extensive tables of line 
strengths up to J == 12 based on the rigorous formulae. 

Fig. 149. (a) Energy level diagram for a type A band of an asymmetric top molecule and (b) 

spectrum for the lowest J values. — Both tho energy level diagram and the specti’um are drawn to 
scale for the fundamental vwQn) of HaO Rafter tho data of Nielsen (667) J for which the C 2 coincides 
with the axis of intermediate moment of inertia- The species designations apply to this case- 
in brackets tho species designations for a i? 3 u — Ag transition of a Vh molecule are added assurning 
that the x axis is the axis of least moment of inertia (as in C 2 H. 1 )- Tho vertical transition lines 
in (a) have not been made to fit the spectrum in (b). 
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Fig. 150. Type A bands for various values of p = BJA of a planar molecule Caftor Dennison 
(279)]. — Corresponding lines for different p are connected by light curves on which the Jr' — Jr" 
are indicated. The spectral lines are indicated by heavy vertical lines whose height is proi)ortional 
to the intensity. The influence of the Boltzmann factor is neglected. 

prominent. An example of this case is the HaO band at 9400 A, reproduced in 
Fig. 151a. On the other hand, the HaO band at 8200 A in Fig. 151b shows the cen- 
tral Q branch clearly. While these two bands are due to a molecule that is not even 
approximately a symmetric top, Fig- 152 and 153 give two type A bands of the 
nearly symmetric top molecules H 2 CO and C 2 H 4 respectively (p = 0.13 and 0.16 
respectively). It is seen that these bands are practically identical with |1 bands of 
symmetric top molecules. 

While there is no obvious regularity in the type A band of a strongly asymmetric 
molecule (such as H 2 O), it must be remembered that even in the most general case 
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doublets discussed in the text. 
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the two highest and the two lowest levels for each J lie very close together, except 
for the very lowest J values (see Chapter I, section 4), and follow approximately a 
simple formula, (I, 67) and (I, 66) respectively. It is immediately clear from these 
formulae that the doublet lines corresponding to the /+/, J+j—x levels in the R and 
P branches, neglecting the difference of the rotational constants in the upper and 



Fig. 152. Fine structure of the fundamental va of HaCO at 5.73^ [[after Nielson (602) ].^ The 
length of the absorbing path was about 10 cm at an unknown pressure. The numbers on the max- 
ima are m values as in (IV, 21). 

lower state, will have a spacing of approximately 2A, while the doublet lines corre- 
sponding to the J-j, /-J-+1 levels will have a spacing of approximately 2C. These 
four series of doublets (two in the P and two in the R branch) will be fairly prominent, 
since it turns out from the intensity formulae that they have considerable intensity. 
They are indicated in the spectrograms of Fig. 151. In the case of a nearly symmetric 
top with the top axis in the axis of least moment of inertia (H2CO and C2H4), the 



Fig. 153. Fine structure of the 1| hand vi -h vg of C2H4 at 5.29/i. [after Clalltiway and Barker 
(345)3- — The absorbing path was 6 cm at a pressure of 72 cm. The ordinate gives log/o// whore 
Jo is the incident intensity and I the intensity after passing through the gas. 


series with spacing 2 A have vanishing intensities since they have then A A' = ±1, 
which does not occur for a \ [ band of an exactly symmetric top ; on the other hand, 
th^ series with spacing 2C represent the P and R branches of the sub-band.s with 
A = 0 and A = 1 of the |I band. In the case of a nearly symmetric top with the 
top axis in the axis of largest moment of inertia, the series with spacing 2A. would go 
over into the P and R branches of the sub-bands with A = 0 and A = 1 of tlie | ] band 
(compare Fig. 17), while the series with spacing 2C would have vanishing intensity. 

Fig. 150 is drawn without consideration of the intensity alternation due to nuclear 
spin, or in other words it is drawn for the case in which there are no identical nuclei 
that can be exchanged by rotation (or also for the case of large nuclear spin of the 
identical nuclei). As discussed above, the influence of the identity of the nuclei is 




ASYMMETRIC TOP MOLECULES 


475 


IV, 4 


different for different symmetries of the molecule and different orientations of the 
symmetry axes with respect to the principal axes of inertia. 

For the case of a C 2 ® molecule whose two-fold axis coincides with the axis of inter- 
mediate moment of inertia (6 axis), the intensity alternation can be seen immediately 
from Fig. 149, if it is realized that the intensity ratio of the lines connecting A levels 
to those connecting B levels equals the ratio of the statistical weights of these levels 
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Fig. 154. Energy level diagram for a type B band of an asymmetric top molecule. — The energy 
levels are drawn to scale for the fundamental of H 2 O [after the data of Nielsen (667)] for 

which the coincides with the ?>-axis. Also the species designations ai>ply to this case (see Fig. 
144). In brackets the species for a B*>h — transition of a Vh molecule are added assuming that 
the y axis is the 6-axis. 


(1 : 3 for H 2 O, 2 : 1 for D 2 O; see p. 465 and Table 10). In the series of doublets 
mentioned above, as can be seen immediately from Fig. 149, alternately the short- 
and the long-wave-length component is the stronger. This can be seen clearly in 
the H 2 O bands reproduced in Fig. 151. In the limiting case of a nearly symmetric 
top with the a axis as top axis (prolate top), to each K value (for each J) belongs 
an A and a B level, and therefore there will be no intensity alternation in the sub- 
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bands of the ||Jband into which the type A band goes over (Fig. 122), with the 
exception of that with = 0. Thus for not too high resolution the whole band will 
not have an intensity alternation, except a very slight one if only small K values occur. 

In the case of a C 20 molecule whose two-fold axis coincides with the axis of least 
•moment of inertia (for example H 2 CO), it can be seen, by changing the species in 


p 



Fio. 155. Type B bands for p — B/A — 0.1, 0.2, 0.3, • • • 1.0 of a planar molecule 
[[after Denniaon (279)3. — See. caption of Fig. 150. 


Fig, 149 according to the previous rule (p. 462f.), that the doublet series with spacing 
2C behaves in the same way as in the preceding case, while in the doublet series with 
spacing 2 A both doublet components are alternately weak and strong. Again, in 
the limiting case of a prolate nearly symmetric top no intensity alternation should 
appear, in agreement with observation for the H 2 CO band reproduced in Fig. 152. 

In the case of a molecule of point group Vn the intensity alternation for the 
general case can be read from Fig. 149. In the case of a prolate nearly symmetric 
top of this point group it can be seen from Fig. 149, by considering which levels 
have the same K, that each sub-band of the H band will have an intensity alternation 
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[(7 + 3) : (3 + 3) == 10 : 6 for C2H43, but in successive sub-bands alternately the 
even and the odd lines are strong, and therefore the whole band (if as usual the K fine 
structure is not resolved) will not show an intensity alternation. This is verified by 
the C2H4 band in Fig. 153. 

Type B bands. When the alternating dipole moment lies in the axis of intermediate 
moment of inertia (b axis) the symmetry selection rule is (IV, 98) rather than (IV, 97). 
Fig. 154 gives schematically the possible transitions for the lowest J values of a type 



V 


Fio. 156. Type B bands for p = B/A = 0.02 - 0.20 Hfiffcv Nielson (660)]. — Unlike Figs. 

150 and 155 hero as well as in Fig. 161 the Boltzmann faidior has lieen taken into aeconnt assuming 
Ic =20 X 10"**" gm om** and absorplion at room temperature. The intervals between divisions at 
the bottom as well as at the top are 5C'. 

B band. The over-all species symbols added refer to molecules of point group Czv, for 
which (as in Fig. 149) the two-fold axis coincides with the h axis (as in H2O and H2S). 
The transitions would be the same for any other orientation of the two-fold axis. 
Only the designations A, B of the rotational levels would have to be changed (see 
p. 462f.). In Fig. 154 also, in brackets, the over-all species have been added for 
B^u — A„ transitions of molecules of point group Vn, assuming that the h axis is the 
y axis (which is perpendicular to the C — C axis in C2H4 but in the plane of the 
molecule) . 

The actual structure of a type B band for a plane molecule has been calculated 
by Dennison (279) for p = I a! In = 1, 0.9, 0.8, • * • 0.1, and by Nielsen (660), for 
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p = 0.20, 0.18, • • • 0.02. Their results are reproduced in Fig. 155 and Fig. 156. In 
the latter figure all levels up to J" = 6 are taken into account, in the former only 
those up to J = 4. Also, in Fig. 156 the Boltzmann factor has been taken into 
account, assuming a constant Jc = 20 X 10~^° gm cm®. In both cases it has been 
assumed that A' — A", B' =? B", and C' — C". It is seen that unlike the type A 
bands the type B hands do not have a strong central branch for any value of p. Rather 
there is a gap between the first strong group of lines on the short- and the long-wave- 
length side of the origin (which, however, is filled by wexiker lines). While for type 
A bands a considerable fraction of the Q lines (not all of them) fall near the band 
center, for type B bands no Q lines occur near the center, but they overlap the P 



Fig. 167. Fine structure of the overtone 2vA-Ai) of H 2 O at 3.17/u Rafter Nielsen (665)]. — Both 
the observed spectrum (continuous curve) and the calculated spectrum (small triangles below the 
curve) are given. The numbers written on the maxima are arbitrary identification numbers. The 
length of the absorbing path is not stated. 



Fig. 158. Fine structure of the fundamental vAbx) of H 2 CO at 3.48ja Rafter Nielsen (662)].' — 
The length of the absorbing path was about 10 cm at a pressure of the order of 1 atm. The numbers 
on the maxima are arbitrary running numbers. 


and R branches. The reason for this is clear from Fig. 154, since it follows from 
(IV, 98) that Q lines with At = 0, d= 1, which would be close to the center, cannot 
occur. 

For p = 1 {I A = I b) the type B band is, of course, identical with the type A 
band. In the neighborhood of this limiting case the type B band under medium 
dispersion would still consist of a number of approximately equidistant lines. While 
for intermediate p values the structure is very complicated, as the opposite limiting 
case is approached (p small) we have again an approximately symmetric top, since 
Ic = Ia Ib ^ Ib- But since now the change of dipole moment is perpendicular 
to the axis Pf the nearly symmetric top, the type B hand, unlike the type A band, 
approaches in structure the _L hand of a symmetric top molecule. This is clearly seen 
by comparing the spectra at the top of Fig. 156 with Fig. 128, In the limiting case, 
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p = 0, we obtain a ± band of a linear molecule; that is, only one of the sub-bands 
(with P, Q, and R branch) in the top row of Fig. 156 remains. 

The intensities in Fig. 155 and Fig. 156 have been calculated in the same way as 
was briefly indicated for the type A bands. 

As an example of a type B band of a strongly asymmetric top, Fig. 157 gives the 
fine structure of the overtone 2v^(Ai) of HaO, after Nielsen (665). In this figure is 
also given the calculated spectrum, assuming certain values for the rotational con- 
stants in the upper and lower state. Unlike the type A bands, here the series corre- 
sponding to the transitions involving the two highest and two lowest levels of each 
set with given J no longer stand out, and thus the structure appears even more 
complicated than that of type A bands. As examples of type B bands of nearly 
symmetric top molecules, Fig. 158 and 159 give the fine structures of the funda- 
mentals Viihi) and of HaCO and C2H4 respectively. They correspond rather 

closely to the theoretical spectrograms near the top of Fig. 156. We have essentially 
a series of nearly equidistant lines which are the unresolved Q branches of the sub- 
bands of the JL bands. The separation of successive lines is approximately 2A. In 
contrast to the _L bands of exactly symmetric tops (see Fig. 128), the C2H4 band in 
Fig. 159 shows an intensity minimum near the center , in agreement with- Fig. 156, 



Fig. 159. Fine structure of the fundamental voCbau) of CaHi at 3.22ju [Rafter Gallaway and 
Barker (345) — ’The length of the absorbing path was 6> c,m. at a iiiessure of 150 inm. The ordinate 
gives log io/i (see caption of Fig. 153). 


and indicating the deviation from the symmetric top. (For the H2CO band of 
Fig. 158 the overlapping by other bands is too great to show this effect.) 

The intensity alternation due to nuclear spin can again be read from Fig. 154 or 
similar figures. We consider only the case of nearly symmetric top molecules. If 
for a C‘iv molecule the axis of least moment of inertia (a axis) coincides with the two- 
fold axis and is the top axis (as in H2CO), it is easily seen that in the ground state 

(^.„ of species A{), since the + + and — + levels have species A and the H and 

— — levels species B, the levels with even K have species A and those with odd K 
have species In the upper state (4'v of species Bi) the over-all species are re- 
versed; that is, the levels with even K have species B, those with odd K species A. 
(This follows also from the fact that a rotation by 180® about the a axis exchanges the 
identical nuclei, and from the properties of the symmetric top eigenfunctions; 
see p. 406f .) Therefore there will be an intensity alternation of the type strong, weak, 
strong ■ • • in the series of Q branches, the intensity ratio being equal to the ratio of 
the statistical weights of the A and B levels. Such an intensity alternation (ratio 
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1 : 3) can indeed be seen in the H2CO band reproduced in Fig. 158. According to 
the above, the first “ line” on the short-wave-length side of the origin {K' = 1 •<— K” — 0) 
will be strong or weak depending on whether the (resultant) statistics of the identical 
nuclei is Bose or Fermi, respectively. Conversely, this condition supplies a valuable 
check on the correctness of the choice of the band origin. 

In a similar manner it can be seen that for a nearly symmetric top molecule of 
point group C^v no intensity alternation in the series of Q branches of a type B band 
occurs when the two-fold axis has the direction of the h axis while the a axis is the 
top axis; nor when the c axis is the top axis (oblate symmetric top) with the two-fold 
axis in either the a ox h axis. Only when the two-fold axis is the c axis (which is not 
possible for plane molecules) does an intensity alternation again appear. Remember- 
ing that the type A bands of nearly symmetric top molecules do not show an intensity 
alternation of the above type under any circumstances, we see that the observation 
of an intensity alternation greatly restricts the possible interpretations of a given band. 

Finally, for a nearly symmetric top molecule of point group Vn with the x axis 
(C — C axis in C2H4) as the a axis, it follows immediately from Fig. 154 (species 
symbols in brackets) that in the lower state the rotational levels with even K. have 
species A and Bz (with the exception of those with A = 0, which are alternately A 
and Bz), while the levels with odd K have species Bi and B 2 . The reverse is the 
case in the upper state. Therefore the intensity ratio of successive sub-bands (Q 
branches) in a type B band would be essentially the ratio of the sum of the statistical 
weights of A and Bz to the sum of the weights of Bi and Bz. For C2H4 this is 10 : 6 
(see Table 11, p. 54).®^ Such an intensity alternation is clearly seen in the observed 
fine structure of the fundamental vz of C2H4, given in Fig. 159. The lines with even 
K are the stronger ones. For C2D4 the ratio would be 45 : 36. 

Type C hands. The alternating dipole moment can lie in the axis of largest mo^nent 
of inertia (c axis) only for more-than-triatomic molecules [for example, for the funda- 
mental vzibz) of H2CO; see Fig. 24]. In this case the symmetry selection rule is 
(IV, 99), and the transitions indicated schematically in Fig. 160 are possible. The 
over-all species of the rotational levels given in this figure (unlike Figs. 149 and 154) 
refer to the case of a Czv molecule with the two-fold axis in the a axis (as in H2CO, 
see Fig. 143). The species in brackets refer again to a Vh molecule with the x axis 
as the a axis (as in C2H4, see Fig. 145). 

The actual band structure to be expected for a type C band has not been evaluated 
for the general case, but Nielsen (660) has given diagrams for a number of small p 
values (assuming again a plane molecule). These diagrams are reproduced in Fig. 
161. It is seen that for very small p the structure is practically the same as that of a 
type B hand, simply because both the type C and type B bands approach ± bands of 
a symmetrical top {Ib ^ I c)- For larger p values the structure is increasingly differ- 
ent from that of a type B band. This is because the type C band for p = I a! 1 11 1 

goes over into a | ] band of a symmetric top, rather than a J_ band as do the type A 
and B bands. This 1 [ band in the limiting case has a strong Q branch and a spacing 
of the P and R lines of 2A = 2B = 4(7, whereas the limiting type A and B bands 
have no strong central branch and a spacing of 2C. For medium resolution one 

The same result is also obtained by considering that a rotation by 180*^ about the a axis leads 
to an exchange of two pairs of H atoms. Just as for linear molecules (see Table 2), this gives an 
intensity alternation 10 : 6 with the even levels the stronger (the resultant statistics is Bose)* 
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would therefore expect a central maximum for not too small p, but none for very 
small p. 

As an example, Fig. 162 gives the fine structure of the fundamental V 7 (hiu) of 
C2H4, which according to Fig. 44 corresponds to a vibration perpendicular to the 
plane of the molecule. The central maximum is seen to be very prominent. Even 
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Fig. 160. Energy level diagram for a type C band of an asymmetric top molecule. — The energy 
levels are drawn for the ease of a nearly symmetric top as in HaCO for which the C 2 coincides with 
the ffl-axis. The species designations refer to this case. In brackets the species for a Bu, — Ag 
transition of a F/, molecule are added assuming that the x axis is the a-axis, the 2 axis the c-axis. 


though here p = 0.16, the molecule is still sufficiently close to a prolate symmetric 
top that the Q branches of the sub-bands of the _L band which the band approaches 
stand out clearly. Their separation is approximately 2 A as for the type E bands. 
That these Q branches do not stand out in Fig. 161 for p = 0.16 is due to the fact that 
in this figure only transitions with / < 6 have been included. 

In H2CO the fundamental veCh) is a type C band. Its fine structure has been 
investigated for both H2CO and D2CO by Ebers and Nielsen (295) (296). Here a 
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complication arises due to the fact that the fundamental vsC&i) which is a type 
B band is very close to vq. This results in a strong Coriolis perturbation between 
the two upper vibrational levels, giving rise to a strong convergence of the series of 
Q branches (“lines'’)? which is of opposite direction in the two bands. Since here 
p = 0.1 the central branch is no longer prominent. Type G bands with larger p 
values have not as yet beep resolved. 



Fig. 161. Type C bands for p == B/A — 0.02, • • • 0.20 [after Nielsen (660)]. — 

See caption of Fig. 156. 

As is easily seen from Fig. 160 , if the a axis is a two-fold axis and at tlie same time 
the axis of the nearly symmetric top, then the intensity alternation in consequence of 
nuclear spin depends in the same way on K as it does for type B bands. This in- 
tensity alternation is not very clear in the C2H4 band in l^ig. 162 . The H2CO band, 
mentioned above but not reproduced here [isee Ebers and Nielsen ( 295 )], shows it 
clearly. Near the other limiting ease, when the c axis is the symmetric top axis, 
an intensity alternation will occur only when the c axis is also a symmetry axis. 

Unresolved infrared bands. Only too frequently the infrared bands of asym- 
metric top molecules are not resolved. But if the dispersion used is not too small, 
so that the envelopes of the hands can be distinguished from simple maxima, it is 
sometimes possible to draw conclusions as to the type of the bands, which are of use 
for the vibrational analysis and have been used to some extent in Chapter III. 
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It is clear from the above discussion of the band types and from Figs. 150, 155, 
156, and 161 that type A hands will exhibit & fairly strong central maximum, corre- 
sponding to the Q lines, with two accompanying maxima on either side, corresponding 
essentially to the P and R lines, for any value of p. Type C hands will have' similar 



envelopes, except for small p values when the central branch no longer stands out, 
so that only one broad maximum results. Type B hands on the other hand have no 
central maximum but, as can be seen from Figs- 155 and 156, the Q lines form two 
maxima on either side and fairly close to the zero line, in addition to the P and R 
maxima. These Q maxima should be prominent, particularly for the larger p values. 
More detailed calculations of the envelopes for a considerable variety of cases have 
been carried out by Badger and Zumwalt (76). We give in Fig. 163 only one case 



Fio. 103. Envelope of a type B band of a (non-planar) asymmetric top molecule with p = BjA 
= 0.73 and CfA ~ 0.64 [after BadKor and Zumwalt (70)].— For small moments of inertia the in- 
tensity distribution is not quite symmetrical about the l.)and origin. 

of a type B band. With insufficient resolution it appears quite possible that the 
two Q maxima are observed as one and that therefore the type B band has the 
appearance of a type A band. 

Conversely, when an unresolved band of an asymmetric top molecule is observed 
to have three maxima, one can conclude that it is not a type B band only if one is 
sure that the resolution would have been sufficient to resolve the two Q maxima of a 
type B band, or when one knows from other evidence that p is small, and that there- 
fore the Q maxima are not prominent. If an infrared band shows four maxima, as in 
Fig. 163, one can be reasonably sure that it is a type B band. The same is true when 
it has only two maxima with t\, distinct minimum at the center. 
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However, it must be remembered that all the previous schematic spectra of 
asymmetric top molecules, as well as the calculation of envelopes by Badger and 
Zumwalt, have been carried out under the assumption that the rotational constants 
A, B, C are the same in the upper and the lower state. While this assumption is 
fairly well fulfilled for the fundamentals it is less well fulfilled for the overtone and 
combination, bands. For the latter, the central Q branch as well as the other branches 
will in general be shaded toward longer wave lengths, and it may be that the Q branch 
under low dispersion merges into the P (or R) branch, so that a band with two ma,xima 
may result even in the case of type A or type C bands. For example, under low 
dispersion the H 2 O type A band at 9400 A (reproduced in Fig- 151a) evidently 
would have a central minimum, even though it is not a type B band. Thus it would 
appear that one should be cautious in drawing far-reaching conclusions from the 
observed envelopes of bands of asymmetric top molecules. 

Analysis of infrared bands of asymmetric top molecules. The analysis of the 
fine structure of infrared bands of asymmetric top molecules is by no means easy 
except close to the limiting cases of symmetric tops- In these latter cases the pro- 
cedure is, of course, exactly the same as described above for exactly symmetric top 
molecules. The only difference is that in the ease of the near-prolate top (a axis 
the top axis) the energy formula is (IV, 90) with = E?, rather than (IV, 41) ; 

that is, is replaced by + C'w)- In the less frequent case of a near-oblate 

top (c axis the top axis), P[»] in (IV, 41) is replaced by |(A[„] + jB[,j]) and A[»] by 
C[„]. Thus the analysis of type A hands of near-prolate tops gives |(P[«] + C[i,]) in 
the upper and lower states and the analysis of type B and C hands of near-prolate tops 
^ gives d.[r] — in the upper and lower states. These constants are most 

accurately obtained from appropriate combination differences, which also, if formed for 
different bands with the same lower state, will supply a useful check on the correctness 
of the analysis. Approximate values of the constants are obtained from the spacing 
of the “lines’^ in the bands. Because of the complete identity of procedure the 
results for such molecules (C 2 H 4 , H 2 CO, and so on) have already been included in 
the previous discussion of symmetric top molecules (p. 434f.). However, it should 
be emphasized that since the deviations from the symmetric top are largest for small 
K values (compare the spectrograms Fig. 159 and 162), one should not use sub-bands 
with too small K values for the evaluation of the constants. It would also be wise, 
even though rather laborious, when the exact amount of asymmetry is known, to 
calculate the spectrum with the nqore accurate asymmetric top formulae in order 
to see whether the simplifications introduced by the symmetric top approximations 
were justified. 

In the case of strongly asymmetric top molecules the lines in a band no longer form 
easily recognizable branches of the usual type. However, the series of doublets in 
the R and P branches that correspond to the two highest and the two lowest levels 
of each set form fairly normal branches. If they can be picked out of the large 
number of apparently irregular lines, from the separation of successive doublets 
approximate values for 2A and 2(7 respectively are obtained- For a plane molecule 
according to (IV, 94) this leads also to an approximate value for B. In the case of 
type B bands a further aid in determining approximate rotational constants is 
afforded by the fact that, as can be seen from Fig. 155, the first strong lines on the 
short- and long- wave-length sides of the origin are the Q lines l+i — l_i and l_i — l+i 
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respectively. These two lines stand out clearly, for example, in the H 2 O band in 
Fig. 157 [the maxima marked 81(b) and 82(b)]. As can easily be seen with the . 
help of Table 8 the separation of these two lines is (A' — C') + (A" — C"), 

If in this way or from other evidence (for example, from the known internuclear 
distances in other molecules) rough values for the rotational constants have been 
obtained, they may be used for the calculation of a theoretical spectrum by calcu- 
lating the rotational energy levels from the formulae (I, 58)— (I, 62). If the assumed 
approximate constants are not too inaccurate, it is usually possible, by comparing 
the theoretical with the observed spectrum, to assign many of the observed lines to 
specific transitions. A critical test on the correctness of this assignment can then 
be obtained by forming combination differences from the observed lines. For ex- 
ample, in the case of a type A band (see Fig. 149) the difference of the lines Q(l+i — lo) 
and P(l+i — 2o), since they have the same upper state, is the difference AiF'\2q — lo) 
between the levels 2o and lo in the lower state. This same difference is also obtained 
as the difference of the lines 72(2_i — lo) and Q(2_i — 2o). Similar combination 
relations j 

- PlJr,' - (/ + - Jr -2 

- Ql(J -H l)r/ - (J -h !).,"] (IV, 103) 

and 

mj + IW - - QCA' - + 1)V'3 

- P[Jr/ - (/ + 1)./'], (IV, 104) 

with all possible combinations of the r/, ra', ti", ra" must hold for other J values, 
independent of any perturbations that might occur in the rotational energy levels. 
In addition, for the higher J values, combination relations of the form 

Q(Jr/ - /r/0 - 0(/r/ - Jr,") = Q(Jr,' - Jr") - Q(Jr,' - Jr,") (IV, 105) 

must hold, and similarly for P and R branches. 

Once the correct assignment of the lines has been found and checked by the 
combination relations, accurate values for the rotational constants in the upper and 
lower states can be obtained by the application of Mecke’s sum rules (see Table 8, 
p. 50). For example, the difference AiP"(2o — lo), according to Table 8, is 4P". 
Similarly, the differences AiP"(2_i — l+i) and AiP"(2+i — 1-x) are 4(7" and 4A" 
respectively. In a similar manner, the other combination differences or simple 
combinations of them may be expressed in terms of A", B", C" for the lower, and 
of A', B', and C' for the upper state [see Table 3 in Mecke (612)']. 

The rotational constants thus obtained are accurate except for the neglect of 
centrifugal stretching. If it is necessary to take this into account it is best to apply 
an appropriate correction to the observed combination differences, and then apply 
Mecke’s sum rules. For a detailed discussion of the centrifugal stretching correc- 
tions, see the references quoted in Chapter I, p. 50. 

Independent of any assumption about the analytic representation, the positions 
of the rotational energy levels of a given type (H — H, + — , — +or— — ) relative to 
the lowest of that type can be obtained directly from the spectrum simply by adding 
up appropriate combination differences. The lowest levels of the four types are 
Oo(“f" "h), 1— 1 ( — "b), lo( — — ), and l 4 -i(-l~ — ) (see Fig. 149). Taking the energy 
of the lowest rotational level 0()(H — f-) as zero, the energies of the levels l_i, lo, and l ^i 



Table 134. wave kbmbers and abbignment of the lines in the H 2 O band at 

8227 A, after batjmann and mecke (130). 
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3+1 

223.82 (2) 

2+2 

1-1 

037.50 

— 


3-3 

145.43* 

3_a 

2_2 

082.22 (8) 

— 


4_* 

226.10 (10) 

3_s 

24-2 

149,83* 

3o 

216.93 

4o 

323.41 

3-2, 

2-1 

085.60 (4) 

3-1 

177.58 (2) 

4-3 

222.95 (4) 

3_2 

— 



294.91 

4+1 

387.64 

3-1 

2o 

071.02 (8) 

3--.2 

113.88 (2) 

4-0 

224.72 (10) 

3—1 

— 


, — 


4+2 

357.97 

3o 

2h.i 

079.02 (4) 

3+1 

153.70 (2) 

4-1 

237.45 (2) 

3o 

■ , 1 


3-3 

075.76 



.3+1 

^ +2 

074.56 (5) 

3o 

141.56 (5) 

4o 

247.99 (8) 

3+1 

2_2. 

006.82 

— 


4-4 

301.51 

3+2 

— 


3+3 

150.30 (6) 

4+1 

243.54 (1) 

3+2 

2-1 

11,941.05 

3--.1 

032.99 

4-3 

078.81* 

3+3 

— 


3+2 

149.83 (3) 

4+2 

244.73 (10*) 

3+3 

2o 

957.90 

3^2 

000.80 

4—2 

131.45 ? 

4-4 

3-3 

12,060.09 (4) 

— 


5-5 

238.31 (4) 

4_4 

3+1 

138.30 

4^1 

221.71 

— 


4-3 

3__2 

062.41 (8) 

4_2 

193.22 (1) 

5-4 

236.53 (8) 

4—3 , 

3+2 

212.07* 

4+2 

305.87 

— 


4-2 

3-1 

044.29 (3*) 

4-3 

089.79 (0) 

^ 5-3 

261.00 (2) 

4-2 

3+3 

161.55* 

4+1 

254.53 ? 

— 


4-1 

3o 

053.37 (4) 

4o 

159.81 (4) 

— 


4-1 

— 


4-4 

062.41* 

— 


4o 

3+1 

044.29 (3*) 

4-1 

127.98 (0) 

— 


4o 

3-3 

11,966.39 

: — 


5-5 

144.82* 

4+1 

3+2 

12,052.80 (2) 

4:^2 

147.69 (3) 

— 


4+1 

3 ™*> 

11,903.17 

4-2 

033.87 

5-4 . 

077.34 

4+2 

3+3 

12,051.71 (0) 

4+1 

144.82 (3) . 

— 


4+2 

3-1 

11,934.72 ? 

4—3 

11,979.69 

5-3 

150.31* ? 

6-8 

4—4 

12,037.50 (5) 

— 


0-6 

249.38 (8) 

5-4 

4-3 

038.65 (1) 

5-3 

12,209.85 ( ~2) 

0-6 

248.57 (3) 

5-3 

4—2 

018.62(2) 

5-4 

0b2.01 (-1) 

— 


6-6 

5-5 

013.65 (2) 

— 


. 7-7 

259.93'(1) 

6—6 

5-4 

014.14 (4) 

— 


7-6 

259.55 (5) 

7-7 

6-6 

11,988.51 (2) 

— 


8-8 

268.98 (3) 

7-8 

6-5 

988.51 (2) 

— 


8-7 

268.98 (3) 

8-8 

7-7 

962.67 (2) 

— 


— 


8-7 

7-6 

962.67 (2) 

— 


— 



The numbers in. parentheses give the estimated intensities. An asterisk indicates an over- 
lapped line. 
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are, according to the Wang formulae (I, 58, 60, 61) (see also Table 8), B -Y C, A (7, 
and A -{- B respectively. Since the centrifugal stretching correction for these levels 
is certainly negligible, and since no, perturbation is likely to occur for the vibrational 
ground state, the positions of all rotational levels of this state with respect to the 
lowest can be determined. The energies of the rotational levels of the excited vibra- 
tional states can then be determined simply by adding the wave numbers of ap- 
propriate lines to the energies of the rotational levels of the ground state. 

If the observed and identified lines are not sufficient to form all the combination 
differences necessary for an evaluation of the constants in the above-described way, 
the only other alternative, in order to obtain these constants, seems to be to change 
the original rough constants by trial and error in such a way that a complete agree- 
ment of theoretical and observed spectra is finally obtained. The complexity of the 
Wang equations obviously makes this an exceedingly tedious procedure, particularly 
since there are six rotational constants to adjust. 

Examples, moments of inertia and internuclear distances. Mecke and his co- 
workers (612) (130) (333) were the first to analyze fully the rotation-vibration spec- 
trum of an asymmetric top molecule, namely that of HaO. This is still the only ease 
of a strongly asymmetric top for which a really complete analysis is available. The 
advantage here is that, because of the strong water-vapor absorption in the atmos- 
phere, a very complete spectrum is obtainable under large dispersion in the photo- 
graphically accessible region of the solar spectrum. All bands in the photographic 
region are found to be type A bands. As an example, we give in Table 134 the wave 
numbers and assignments of the lines in the band 8227 A of H 2 O, which is reproduced 
in Pig. 151b. The reader may use these data for verifying that the previous com- 
bination relations are fulfilled- Table 135 illustrates the agreement of some of the 

Table 135. some combination differences for the vibbationae ground state 

OF THE H 2 O MOLECULE, AS CALCULATED FROM 8EV1CRAL ROTATION- VIBItATION 
BANDS AS WELL AS FROM! THE ROTATION SPECTRUM. 


'rei-m 

difference 


3 


+ 2 - 


-2o 


4_i — 3-3 

5-6 -4_i 
5_4— 3_2 

5-3 — 4_3 


Photograi>hic infrared spectrum 


Combination*^ 


R(2o) -Q(32) 
<3(2o) -P(32) 
P(3_3) -(3(4 _i) 
Q(3„3) -P(4_i) 
QC4_i) -P(5 _b) 
P(3_2) -P(6_4) 

Q(4_:,) ~P(5_;,) 


XS227®’’ 


191.68 

l\il.66 

163.60 
163.56 
(24.91) 
184.30 
174.52 

174.60 


X7957»7 


191.72 

191.61 

163.60 

163.59 
24.95 

184.32 

174.48 

174.60 


X6994''>» 


191.681 
191.61 / 
(163.68) 1 
163.60 j 
(24.89) 
(184.43) 

174 . 64 } 


Rotation spectrum®* 


(3o — 2o) + (32 -3o) = 190.23 

(4_i -4-3) +(4_3 -3-3) =163.69 

(6_6 -4_s) -(4_i -4_3) = 25.00 
(5_4 —4-4) +(4_4— 3_2) =184.18 


(5, 


-4_i) ■+-(4 _i~4_3) =174.63 


®® In brackets the Jr of the lower state are given. Por the asymmetric- top (see Pig. 149, 154, 
160) this does not always identify a line unambiguously, since two or more R lines (and similarly P 
and Q lines) with different t' may have the same lower state. In the table t' is not always the same 
for all differences in one row. 

From the data of Baumann and Mecke (130). 

®® From the data of Freudenberg and Mecke (333) . 

®® Prom the data of Randall, Dennison, Ginsburg, and Weber (712). 
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combination differences for the lower state within this band as well as their agreement 
with corresponding combination differences in other bands and with appropriate 
combinations in the far infrared rotation spectrum. It is seen that with one excep- 
tion (82 — 2 o) the agreement of the combination differences for a given pair of levels, 
as determined from different bands and from the far infrared rotation spectrum, is 
very satisfactory indeed. The slight disagreement for 82 — 2o seems to be due to 
some erroneous assignment in the far infrared spectrum, since the different photo- 
graphic bands give close agreement, among themselves. Mecke (612) has also 
analyzed a number of H 2 O bands in the ordinary infrared on the basis of the measure- 
ments of Plyler and Sleator (704). These bands have been recently remeasured 
under somewhat higher dispersion by Nielsen (665) (667) (see Fig. 157), who has 
also extended Meekers analysis to higher J values and has, in addition, identified 
and analyzed the type B band vi which overlaps the type A band vz. ‘ 

From these analyses the positions of the rotational levels have been determined 
with considerable accuracy (see the papers quoted above for the excited vibrational 
states, and Randall, Dennison, Ginsburg and Weber for the ground state). However 
up to now the rotational constants have not been evaluated from these observed 
energy levels with a corresponding accuracy (comparable to that obtained for linear 
molecules). 


Table 136. rotational constants op the H 2 O MOLEtniLK in the 

ELECTRONIC GROUND STATE. 


Rotational constants 

A, B, C 

Moments of inertia®® 

Ex)tational constants a 

Lowest 

vibrational 

level 

Equilibrium 

position 

(cm***^) 

Lowest 
vibrational 
level (10“^® 
gm cm^) 

Equilibrium 

position 

( 10-40 

gm cm^) 

Oil 

(cm-’) 

(cm~>) 


A [01 =27.79 
R[o] =14.508 
C[o] = 9.28g 

Ae =27.33 

Re =14.575 
Ce= 9.499 

7^=1.0073 
7^=1.9296 
7® =3.0137 

7 ^ =1.0243 
7^=1.9207 
7« =2.947o 

oi^ = -I-O .495 
af = -i-0.224 
af = -1-0.145 

Oif = -2.6r>« 
a," = -0.202 
= -1-0.105 

= -P1.2;h 
«« == 4-0.112 
«!■,' = +0.169 


Mecke and his co-workers have evaluated the rotational consta,nts in the way 
indicated above, neglecting the effect of centrifugal stretching. Darling and Denni- 
son (263) have re-evaluated their data, taking account of this interaction in the 
manner proposed by Wilson (986). However, they only employed the levels l_i, 
lo, 1+1, 2_i, 2o, 2 + 1 , making use of the relations (see Table 8 and p. 485) 

4A = F(2+i) - F(l_i), 4B = F(2o) - F(lo), 40 = F(2_i) - F(l+0, (IV, 106) 

with the addition of a slight correction for centrifugal stretching. Thus only a few 
lines of each band are actually used, so that the error of the A, B, and C values may 

The effective moments of inertia for the lowest vibrational level are the valiies of Dennison 
and Darling (263) except for a very small change on account of a slightly different vahu^ for the 
conversion factor used by them. The Ae, Ce values and the moments of inertia for the equilibrium 
position (which were not taken over from Darling and Dennison) were obtained from tlie /lo, Bu, Co 

and newly determined a’s, In this derivation the validity of the relation PL — -f- was 

not assumed, ^ 
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be as much as =fc0.03 cm~i. Darling and Dennison have only given the moments of 
inertia. Their data have been combined with those of Nielsen (665) (667), yielding 
the rotational constants and moments of inertia in Table 136. . It is seen that while the 
relation Ic^ = + Is® is well fulfilled there is a noticeable difference even be- 

tween 7c® and 7 a® + In®, and of course much larger differences between and 
7 a + Zjs'-’’^ (see above). 

From the values of 7 a® and 7 b® one obtains, for the O — H distance in HaO in the 
equilibrium position, 

re(0 — H) = 0.9584 X 10~® cm, 

and for the HOH angle, 

< H— O— H = 104^ 27'. 

The value of re(0 — H) is slightly smaller than the value 0.9710 X 10~* cm in the 
free OH radical. From the effective moments of inertia in the lowest vibrational 
level one obtains 

ro(0— H) = 0.9568 and ^ H— O— H = 105° 3'. 

Apart from H2O, the only other rotation-vibration spectra of strongly asymmetric 
top molecules that have been studied in any detail are those of HDO [Herzberg 
(446)11 and H2S [Cross (248) and Crawford and Cross (242)]. In each case only one 
band has been analyzed. In the papers referred to further details concerning the 
method of analysis may be found- We give in Table 137 the rotational constants 

TaBLK 137. ROTATIONAL CONSTANTS AND MORtRNTS OF INKRTIA OF H 2 S IN 
THK LOWKST VIBRATIONAL 8TATK, AFTER CRAWFORD AND CROSS (242). 


Rotational constants 

Moments of inertia 

Ao = 10.393 cm-i 

Bo = 9.040 cm-i 

Co == 4.723 cm-i 

1 % = 2.694 
= 3.097 

= 5.927 

X gm cm^ 

X gm cm^ 

X gm cm^ 


and moments of inertia of II2S in tlie lowest vibrational state. The values for the 
equilibrium position cannot be evaluated from the present data. The effective 
dimensions in the lowest state calculated from Aq and Bq are 

ro(S— H) = 1.334 X lO"® cm, ^ H— S— H = 92° 16'. 

If the dimensions were to be derived from Ao and Co or Ho and Co, slightly different 
values would be obtained, since the relation Ic — I a + In is not exactly fulfilled. 
The above values are therefore less accurate than those for the equilibrium position 
in FI2O. It seems significant that just as for H2O tlie value of ro(S — H) in H2S is 
slightly smaller than the ro value 1.35o in the free SH radical. 


(c) Raman spectrum 

Selection rules. The selection rules for the rotation-vibration Raman bands 
have been given by Placzek and Teller (701). To a good approximation the vibra- 
tional selection rules are the same as for the pure vibration spectrum (see Table 55). 

These I values have been recalculated from the rotational constants given by Crawford and 
Cross, using the now value for the conversion factor (see appendix, p. 538). 
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For the total angular momentum we have, as always, 

AJ = 0, =t 1, =t 2 (/' + r > 2). (IV, 107) 

All transitions between the various rotational levels of two vibrational states that 
obey this rule are possible if the molecule has ho symmetry. When the molecule 
has symmetry we have additional symmetry selection rules which depend on the 
components of the polarizability (Table 55) that are different from zero for the par- 
ticular vibrational transition ^for a proof see Placzek and Teller (701)]: 

If only CcKia:]"'"*, \jXyy'Y'^, and are different from zero we have the se- 

lection rule 

+ — h, 4 -e-J-d , — h, (IV, 108) 

as for the rotational Raman spectrum. If only Coixj,]"”’' is different from zero and if 
the X) y, z axes are the a, 6, c axes respectively we have 

d" d“ d~ — , — d“ — — • (IV, 109) 

If only C“a:z3”’” is different from zero, with the same orientation of the axes, we have 

d~ d~ d“ — ■"“!“> (IV, 110) 

and finally, if only is different from zero, we have 

d- d- — “h, (IV, 111) 

If several of the aih are different from zero the transitions allowed by any of the 
corresponding selection rules may occur. 

In applying the rules one has to make sure that the ocik in Table 65 are referivd to the above 
system of axes Otherwise appropriate changes have to bo made. For ex- 

ample, for HaO we have to put the z axis perpendicular to the plane of the molecule and the y axis in 
the two-fold axis, unlike the choice in Table 35. If these changes of axes are also made in Table 13, 
it follows, according to the methods outlined in Chapter III, section 1, that the antisymmetric vibra- 
tion vs of species Bi is connected with the polarizability component axy (rather than with <xxs as in 
Table 66). Consequently the selection rules (IV, 109) would hold for this Raman band. For the 
totally symmetric Raman bands of the same molecule only the transitions (IV, 108) can occur. 

According to Table 55, the transitions (IV, 108) can occur for the totally sym- 
metric Raman bands of any asymmetric top molecule j hut for the lower symmetries 
Ca, C 2 , Ca/t in addition the transitions (IV, 109) can occur; and for Ci all transitions 
compatible with (IV, 107) can occur for totally symmetric Raman bands. 

It is clear that also for Raman transitions only rotational levels of the same over-all 
species can combine with one another. As to the property positive and negative with 
respect to inversion we have the same rule as for the Raman spectra of linear and 
symmetric top molecules: 

d-^d-, (IV, 112) 

But as in the case of the infrared spectrum, the last two rules do not introduce any 
further restrictions of the possible transitions unless forbidden vibrational transitions 
are considered or unless the inversion doubling is resolved. 

IJnresolved Raman bands. No rotation-vibration Raman band of an asym- 
metric top molecule has as yet been resolved. But a few remarks may be made 
about the structure of unresolved bands on the basis of the above selection rules. 
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Since for totally symmetric Raman hands rotational levels of tlie same type ( + + , 

_| ^ ) may combine with one another, and since at the same time A J = 0 

is possible, and since finally the rotational constants in the upper and lower state 
are very nearly the same, it is obvious that a large number of lines of the Q branch 
will coincide near the hand origin. This sharp strong central “line’^ will in general 
be the only feature that is observed. It should be realized, however, that the strong 
central “line'' does not represent the whole Q-branch of the band, as can be seen by 
consideration of Fig. 149. 

For non-totally symmetric Raman hands the transitions (IV, 108) do not occur. 
Only rotational levels of different H — symmetry combine with one another C(IV, 109) 
or (IV, 110) or (IV, 111)]. Therefore the lines of the Q branch do not, in general, 
coincide at the origin. Whether they lie fairly close together and form a central 
maximum depends on the asymmetry of the molecule, and on whether 
[axs]"'”, or [cKys]””* is different from zero. As can be seen by comparison of the selec- 
tion rules (IV, 109-111) with (IV, 97-99), the possible rotational transitions for the 
three cases 9^ 0 , or ^ 0 , or 5 ^ 0 are the same as for type C, 

B, and A infrared bands respectively (see Figs. 160, 154, and 149), except for the 
additional transitions with AJ == =b 2. Since the latter give rise to lines which are 
in general at a greater distance from the origin, the same considerations as for un- 
resolved infrared bands can be applied. In particular, therefore, Raman bands with 
9^ 0 will in general have a central minimum. But also the other non-totally 
symmetric Raman bands will in general not have such a sharp central maximum of 
outstanding intensity as do the totally symmetric Raman bands, but will be more 
or less broad. Thus we come to the same conclusion as for symmetric top or nearly 
symmetric top molecules: 

If a Raman line of an asymmetric top molecule- is definitely broad (broader than other 
lines), we can he certain that it corresponds to a non-totally symmetric vibration. How- 
ever, if the line is sharp it does not necessarily mean that it corresponds to a totally 
symmetric Raman line, although it makes this probable. 

We see, therefore, tliat the observation of the width of Raman lines supplements 
in a very significant way the observation of their state of polarization, since it allows 
of a definite decision in just that case in which the observation of the state of polariza- 
tion does not give an unambiguous answer: When a degree of depolarization of f is 
observed for a Raman line it is probable, but not certain, that it corresponds to a 
non-totally symmetric vibration. Observation of a great width of the Raman line 
would make this certain. On the other hand, if a Raman line is quite sharp (even 
under fairly high dispersion) it is not certain, although probable, that the line corre- 
sponds to a totally symmetric vibration. But if a degree of depolarization <|- is 
observed it is certain to be a totally symmetric Raman line. 

5. Molecules with Free or Hindered Internal Rotation 

When free rotation or only slightly hindered rotation of one part of a molecule 
against the other is possible, further complications arise in the structure of rotation- 
vibration bands. 

(a) Energy levels 

Free rotation. The possibility of torsional oscillations exists, as we have seen pre- 
viously (see Chapter II, section 5d), in molecules like C2H4, C-iHo, CH3 — C^O — CH3, 
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CH3OH and similar ones. It is clear that as long as the frequency of these torsional 
oscillations is large, or in other words as long as the potential maxima separating the 
different positions of equilibrium are high, the rotational energy levels in each vibra- 
tional level that come into play at ordinary temperatures are entirely similar to those 
of molecules without such torsional oscillations, and need not be separately discussed. 
However, at least for some of the above-named molecules, the possibility that a free 
or nearly free internal rotation occurs has to be considered. 

For the limiting case of entirely free rotation (hindering potential == 0), Nielsen 
(661) first gave the energy formula Qsee also Koehler and Dennison (517)3, assuming 
the molecule to be a symmetric top (moment of inertia about the top axis = I a), 
and assuming that two of its parts (of moments of inertia and Z^^) can rotate 
relative to each other about the top axis. He found that the term 


Ft(kx, k) 



(IV, 113) 


has to he added to the ordinary rotational energy F(J, K) of the symmetric toy [see 

equation (IV, 41)3. Here 


At = 


h 




Az — 


h 




A = 


h 


Stt^cI A 


(IV, 114) 


k(= =h K), as previously, is the component of the total angular momentum / about 
the top axis, and kt is the quantum number of the angular momentum of part 1 
(moment of inertia Z^^^) of the molecule, which can assume the values 


= 0, d= 1, =b 2, (IV, 115) 

Formula (IV, 113) may also be written 

Ftikt, k) = Atkt^ + AAk - ktf - AF, (IV, 116) 

where fc — fci = /c2 is the quantum number of the angular momentum of the part 2 
of the molecule about the top axis. The expression (IV, 116), when added to (IV, 
41), gives for the total rotational energy 

F(J, K, ki, fca) = BJ(J -f 1) - BK'^ -b Aiki^ -|- A'zk^K (IV, 117) 

In other words, for free rotation the term AF? in the ordinary symmetric top formula 
is replaced by Aiki^ + A^k^^. 

In Fig. 164a we give for a number of K values and for J = K the energy levels 
resulting from (IV, 113) up to = 5. Actually, of course, these series of levels 
occur for every J value (see Fig. 8). The figure is drawn approximately to scale for 
the case of CH3OH, assuming this molecule to be a symmetric top with the axis of 
torsion coincident with the top axis. Assuming further that part 1 of the molecule 
is the OH group, part 2 the CH3 group, and that the vibrational state is totally sym- 
metric, the species of the rotational levels are given [see Koehler and Dennison (517)3- 
They are determined by k^ = k — ki, since k^ rather than fci corresponds to the rota- 
tion of the CH3 group. If |A;2| is a multiple of 3 there are two coinciding A levels 
(except for kz — 0, K = 0 when there is only one), otherwise the species is E, 
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For molecules with two equal parts, such as CaHe, CH3 — C^C — CH3, C2H4, we luive 
A/Ai ~ I (compared to 0.21 for CH3OH), and formula (IV, 113) simplifies to 

FtCki, k) = A(2kx ~ k)^ = A(ki - k^Y = AK^, (IV, 118) 

where Ki{ — I^i — kzl) is the quantum number of internal rotation and where, since 
■K = 1^1 + ki], we have ki — kz — 0, ±2, ±4, • • • for even K and ifci — &2 = db 1, 
=h3, ±5, • • • for odd K. The levels for this case are given in Fig. 164b. It will be 
noticed that here levels that differ only by an exchange of the and values have the 
same energy. This double degeneracy is in addition to the ordinary K degeneracy. 
The species in this case are rather more complicated. For C 2 H 6 they have been 
discussed in detail by Wilson (938).®^ It may suffice here to say that, apart from 
the K degeneracy, the levels wi,th Ki {— |A;i — A: 2 l) a multiple of 3 consist of two co- 
inciding non-degenerate components, while the others have a doubly degenerate 
species. 

In the formulae (IV, 113) and (IV, 116) the interaction of rotation and vihration has been neglected. 
For the vibrational ground state this is certainly a good approximation; but for certain vibrational 
levels this interaction may become considerable, namely for those vibrational levels for which an 
internal vibrational angular momentum =hp(ft/27r) may arise, similar to the previous dtS‘ih/2Tr) (see 
p. 402). This internal vibrational angular momentum has to be added to the internal rotational 
angular momentum. Similar to the case of the vibrational angular momentum f the enei^gy formula 
(IV, 118) for CssHe and similar molecules has then to be modified to 

Ft = A(fci - *2 =F p)K (IV, 119) 

Howard (461) has shown that for C 2 H 6 type molecules p is appreciable when two degenerate vibra- 
tions of different species (for example B' and of JDa/i) have nearly the same fi-equencies, as is the 
case for the pair of vibrations of CssHe near 1470 and the pair near 2970 (see Table 105). The 
four-foldly degenerate vibrational state then splits into four component levels due to the interaction 
of the rotational with the vibrational angular momenta ^ and p. For Da/i molecules, in the case of 
complete degeneracy Howard obtained p — 1, where f is the vibrational angular momentum of 
the vibration v{e^) [[vibrations of species have no vibrational angular momentum]]. 

The general problem of the normal vibrations of a molecule in which there is free rotation of one 
part or several parts with respect to the rest of the molecule has been treated by Crawford and 
Wilson (247). 

Hindered rotation. The energy levels in the intermediate case of hindered rota- 
tion, that is, in the case of a small potential hill opposing free rotation, may be ob- 
tained qualitatively by interpolating between the two limiting cases: free rotation (see 
above) and torsional oscillation (see Chapter II, section 5d). This is done schemati- 
cally for CH3OH, C 2 H 6 , and C 2 H 4 type molecules in Fig. 165a, b, and c respectively. 
At the left are the levels for free rotation, at the right the levels assuming a very high 
potential hill. In Fig. 165b and c the solid curves refer to even K values, the dashed 
curves to odd K values (compare Fig. 164b). Curves marked E refer to doubly 
degenerate energy levels. The curves Fig. 165a for CH3OH hold for K = 0 only. 

In all three cases, as the height of the potential hill Yq decreases (going from right 
to left) for each of the vibrational levels of the torsional oscillation and for a given K 
value, an increasing splitting into two sublevels occurs. For CH3OH and C 2 HG one 
of these sublevels is doubly degenerate; that is, there is a three-fold degeneracy for a 
large potential hill, corresponding to the three equilibrium positions (see Fig. 73b). 
In all three cases, as the height of the potential hill is increased (going from left to 

It may be noted that Wilson's m is our k\.— k-i, while Koehler and Dennison’s m is o\ir ki. 
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right) the rotational levels that are not genuinely degenerate {E) split into two sub- 
levels of different energy. 

Fig. 165b and c show that, for G 2 H 6 and C 2 H 4 type molecules for a given vibra- 
tional level and a given height of the potential hill,- the splitting due to the possibility 
of torsion is the same for all even K values but is different from the splitting for odd 
K values. For CH3OH the dependence on K is more complicated and this is why 



Fig. 165. Correlation between free rotation and torsional oscillation: (a) for CHaOH, (b) for 
CaHfl, (c) for (qualitative). — There is a linear energy scale for each ordinate axis. Unlike 

Fig. 164 in this figure only the jiart of the energy duo to internal rotation is plotted. The potential 
barrier Fo is increasing from left to right, (a) Holds for K — 0 only, in (b) and ( 0 ) the solid curves 
refer to even, the broken curves to odd K values. It may be noted that for Fo = 0 there is no zero- 
point energy whereas for largo Ko there is one half quantum of the torsional oscillation. 


Fig. 165a gives only the cui'ves for K = 0. Koehler and Dennison (517) have shown 
that here the splitting as a function of K still varies periodically but not with an 
integral period since A/Ai is not simply §, This is shown for the first two levels of 
the torsional oscillation in Fig. 166. It should be noted that the degeneracy of two 
of the three levels for K ~ 0 does not remain for K 9 ^ 0. The magnitude of the 
splitting in all cases, of course, increases rapidly with increasing quantum number vt 
of the torsional oscillation. But on account of the zero-point vibration it exists 
even for vt = 0 (see Fig. 166), that is, for any vibrational state, even if the torsional 
oscillation is not excited. However, it will be noticeable in this case only when the 
potential hill is very low. 
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INTERACTION OF ROTATION AND VIBRATION 

Less symmetrical and more general systems than those discussed above have 
been treated theoretically by Crawford (236), Price (708), and Pitzer and Gwinn 
(698). 


C(<’ni *) 
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Fia. 166. Variation, with K of splitting due to possibility of passage through barrier for torsional 
oscillation in CH3OH [after Koehler and Dennison (517)]. — The energy levels for each K value 
are indicated by circles. For both vibrational levels shown (vt — 0 and vt — 1) the Biditting is drawn 
to the same scale (unlike Koehler and Dennison’s figure) in order to emphasize the rapid incrcaao 

Vi^ith Vt- 

(b) Infrared spectrum 

Symmetrical molecules. The torsional oscillation in a symmetrical molecule 
such as C 2 H 6 or C 2 H 4 is infrared inactive. It is obvious that this will also hold for 
the free internal rotation, that is, for the limiting case when there is no potential 
barrier, since no oscillating dipole moment is connected with this motion. In other 
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words, there is no pure rotation spectrum corresponding to the free internal rotation, just 
as there is no ordinary pure rotation spectrum in these molecules. 

For the rotation-vibration spectrum we have to add to the previous selection rules 
for symmetric top molecules the selection rule for the quantum number Ki = lA;i — A: 2 l 
of internal rotation. Nielsen (661) has shown that 

A/Ci = 0 for AA' = 0 and Aiff = ± 1 for Ait = ± 1; (IV, 120) 

that is Ki does not change for ] ] hands, whereas it changes by ±1 for _L bands Conse- 
quently, each sub-band of a | [ band of a symmetric top molecule with free internal 
rotation will consist of a number of sub-sub-bands corresponding to the different Ki 
values populated in the lower state. But since AKi = 0 all these sub-sub-bands will 
exactly coincide as long as the interaction of vibration and internal rotation is 
neglected. Even if the latter is taken into account they will almost coincide, just 
as do the sub-bands (see Fig. 122). Thus, except for extremely high resolution or 
for very large coupling of rotation and vibration, a H band of a symmetric top molecule 
with free internal rotation will have the same structure as one without free internal 
rotation. 

In the case of a X band each sub-band will also consist of a number of sub-sub- 
bands, two for each Ki value of the lower state (since AKi = =b 1). Since the con- 
tribution of the internal rotation to the energy for molecules like C 2 Ha, according to 
(IV, 118), is AK?, the structure of a sub-band (with given K and Ai?) is entirely 
similar to that of a full perpendicular band without free rotation (Fig. 128), except 
that the separation of the line-like Q branches is 2 A instead of 2(A — B). Actually, 
as we have seen previously (p. 429f.), the spacing of the sub-bands is 2A (1 — f ,) — 2B, 
on account of the interaction of rotational and vibrational angular momentum about 
the top axis. Also, according to Howard (see above), on account of the interaction 
of internal rotational and vibrational angular momentum (if the upper state of species 
E' is accidentally degenerate with one of species E" , as is frequently the case), the 
separation of the sub-sub-bands is 2A(1 — f,). Thus in a A hand of a symmetric 
top molecule with free intcj'nal rotation each of the line-like Q branches of Fig. 128 will 
be split into a number of nearly equidistant “lines” of spacing 2B (neglecting the de- 
pendence of A and B on v). No such structure has as yet been found. 

The fact that the observed X infrared bands of CgHe do not e.xhibit any evidence 
of such a secondary structure shows, as was first pointed out by Howard (4(51), that 
there is no free internal rotation in CaHe. Howard (461) also calculated the expected 
structure for slightly hindered rotation, and concluded that if the potential hill 
preventing free rotation were lower than 700 cm~^ the fine structure of the X bands 
should be different from what is actually observed. A molecule for which such a 
double fine structure due to free (or nearly free) internal rotation should be observable 
is CHa — C=C — CHa (see p. 356). But the infrared spectrum of this molecule has 
not as yet been investigated with sufficiently high dispersion. 

Slightly asymmetric molecules, CH 3 OH. In a molecule of the type of CH3OH 
the torsional oscillation is infrared active and therefore also the internal rotation, if 
it is free, is infrared active. Since in CH3OH only the rotation of the OH group 

may be remembered that Ki m even for even K and odd for odd K; for this reason alone, 
AKi = 0 would be impossible for AK — =b 1. and AKi = X impossil)le for AK — 0. 
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about the top axis gives rise to a change of dipole moment, the selection rules for the 
pure internal rotation spectrum are 

AJ = 0, ± 1, AK = ± 1, AiTi = d= 1, Ai?:2 = 0, (IV, 121) 

where (as previously) the subscripts 1 and 2 refer to the OH and CHa groups re- 
spectively, and where Kx — l^ij and K 2 — IA2I. 

With these selection rules it is seen immediately from the energy formula (IV, 117) 
that the Q “lines'’ (A/ == 0) of the free internal rotation s-pectnim form the double 
series 

V == Ax - 2BK ± 2AxKx, (IV, 122) 

where the upper signs hold for positive Ai? and AKx, the lower signs for negative 
AK and AKx. Since Ax^B, formula (IV, 122) represents a series of bands of 
spacing 2Ax each of which consists of sub-bands whose zero lines have a spacing 2JS. 
Such a series of b^ds corresponding to large Kx values has indeed been found by 
Borden and Barker (169) in the infrared spectrum of CH3OH, hr the region 600-860 
cm”^. The spacing is about 40 cm“\ giving JLi == 20 cm~^ and an OH distance of 
about 0.92 A. The CH3OH spectrum becomes much more complicated at smaller 
frequencies, indicating that for smaller Kx values there is no longer approximately 
free rotation; and the spectrum seems to end in a strong band at 270 cm~’- [^see 
Lawson and Randall (560)3 very probably corresponding to the 1 — 0 transition of 
the torsional oscillation (see also Fig. 165). Koehler and Dennison (517), on the 
basis of a more detailed comparison of the observed spectrum and the theoretical 
spectrum assuming hindered rotation, have derived a. potential harrier of about 
470 =b 40 cm~^ for the internal rotation in CH3OH. 

For the rotation-vibration spectrum we have, in the case of |1 bands (AK = 0), 
the selection rule 

AKx = 0, AK 2 = 0, (IV, 123) 

and for _L hands (AK = i 1) Csee Borden and Barker (169)3, 

AKx = d= 1, AK 2 = 0 or AKx = 0, AK, = d= 1 (IV, 124) 

depending on whether the dipole moment of the vibrational transition is in part 1 
or part 2 of the molecule ; that is, for CH3OH, in the OH or CHg group respecstively. 

From (IV, 123) in connection with the energy formula it is immediately seen that 
the internal rotation does not influence the structure 0/ a H hand, just as for molecules 
of the C2H6 type, as long as the interaction of vibration and internal rotation is not 
too strong and the dispersion not too high. Thus Borden and Barker (169) found 
the usual structure for the CH3OH band at 1033.9 cm~h The resulting Bo 
value has been given in Table 132, p. 437. 

For the ± bands it follows from the energy formula (IV, 117) and the selection 
rules (IV, 124) that, similar to the case of molecules of the C2H6 type, we have a, 
double rotational structure. Each sub-band with a given K and AK(— d= 1) (see 
Fig. 128) consists of a number of sub-sub-bands corresponding to the different Kx 
values and AKx = d= 1 if the oscillating dipole moment is in the OH group, or to the 
different K^ values and AK 2 — dz 1 if it is in the CH3 group. As is easily seen from 
the energy formula (IV, 117), the spacing of the sub-sub-bands is 2Ax or 2A2 re- 
spectively, while the spacing of the sub-bands is 2B (the same as the spacing of the 
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lines in the P and R branches). Sinee ii and Ai are very much larger than B, we 
may also say that we have a number of sub-bands of spacing 2 ii or 2 ^ 2 , each of which 
consists of lines with spacing 2 B. Assuming the, oscillating dipole moment to be in 
the OH group, and assuming completely free rotation, Borden and Barker (169) have 
calculated the wieMti/ distrikition in such a sub-band and find it to be strongly 
asymmeirical. On the low-frequency side of each sub-band, but not on the high- 
frequency side, an intensity alternation of the type strong, weak, weak, strong, • • • 
characteristic of the CHs group (see p. 410), is expected. 

The actually observed 1 bands of CH 3 OH do show some but not all of these 
features. For example, the intensity alternation on the low-frequency side of a 1 
band is clearly shown by the photographic infrared band X9490 reproduced in Fig. 
167 ; however, the different sub-bands do not stand out clearly. This lack of agree- 
ment with expectation is undoubtedly due to the fact that the internal rotation is 
not entirely free, as is also proven by the existence of a low-frequency fundamental 
vibration corresponding to the torsion oscillation (see above). 

Further experimental and theoretical work is necessary before the structure of 
the CHsOH spectrum is completely understood, and therefore before all internuclear 
distances and angles can be determined accurately. 

(c) Ramn spectrum 

The selection rules for the Raman spectrum in the case of free or hindered internal 
rotation have not as yet been discussed in detail in the literature. Since no Raman 
bands of molecules with internal rotations have been resolved, we shall not attempt 
a discussion of their structure. It is however clear that this structure is in the same 
relation to the Raman bands of ordinary symmetric top molecules as the infrared 
bands of molecules with internal rotations discussed above are to the infrared bands 
of ordinary symmetric top molecules. 



CHAPTER V 


APPLICATIONS 

In addition to the immediate application of the study of infrared and Raman 
spectra of polyatomic molecules to the determination of the structure of these mole- 
cules, there are a number of other important applications. Of these we shall here 
discuss only the two which appear to be most important; the calculation of thermo- 
dynamic quantities and certain investigations concerning the nature of the liquid 
and solid state. Infrared and Raman spectra have been used also for chemical 
analysis, including the detection of new compounds in certain mixtures (which are 
not easily amenable to strictly chemical detection) and the determination of chemical 
equilibria, and Raman spectra have been applied to the study of electrolytic dissocia- 
tion in solutions. But these and certain other applications will not be taken up here 
[see, for example, Kohlrausch (13) (14) and Hibben (10)]. 

1. Calculation of Thermodynamic Quantities 

On the basis of the molecular data obtained from the spectra, as was first sug- 
gested by Urey (881) and Tolman and Badger (869), it is possible to predict with 
great precision the values of thermodynamic quantities, such as the heat capacity 
of the particular gases. This possibility is of great practical importance, particularly 
since the direct experimental measurement of these quantities is usually difficult and 
tedious and sometimes impossible. Frequently the values calculated from the 
spectroscopic data are more accurate than those determined by direct thermal 
measurements. 

The partition function (state sum). According to the Maxwell-Boltzmann dis- 
tribution law, in thermal equilibrium the number of atoms or molecules Nn in a state 
of total energy 6n and of total statistical weight (degeneracy) gn is proportional to 
where k is Boltzmann’s constant and T is the absolute temperature in 
degrees Kelvin. The total number of atoms or molecules, N, in a given volume is 
therefore proportional to 

Q = T. (V, 1) 

with the same proportionality factor. The quantity Q is the partition function of 
the gas. All therniodynandc quaniitics can he expressed in terms of it. Therefore we 
consider first its (lalculation from spectroscopic data. 

Since for a perfec^t ga,s tlie translational and tlie internal energy, €tr and Cint, are 
entirely indc|)endent of each other, the total energy of an atom or molecule can 
always be written as the sum 

€n = €t,r + Cint (V, 2) 

and at the same time the total statistic^al weight can be written 
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Therefore the partition function Q can be separated into a product 

Q “ Qtr " Q int 

of the translational partition function 

Qtr = E 

and the internal partition function 

Qint = E 


(V, 4) 


(V, 5) 


(V. 6) 


It is shown in standard texts on statistical mechanics example (16)] that the 
translational partition function is given by 


= F ^ y = 1.87936 X 10=’<>FMiT», 


(V,7) 


where V is the volume considered and m the absolute mass of the atom or molecule, 
M the chemical atomic or molecular weight. 

The internal partition function is frequently simply called the partition function 
or also the state sum. It can be calculated if the and €int have been determined 
from the spectrum. 

The internal energy €int is the sum of three contributions, the electronic, vibra- 
tional, and rotational energy, and similarly the internal statistical weight is the 
product of three corresponding factors- 

However, for practically all polyatomic molecules the Boltzmann factors of 
excited electronic states are entirely negligible compared to those of the ground 
state. Only for the very few polyatomic molecules with a multiplet ground state 
(NO 2 , CIO 2 , and various free radicals) does the electronic contribution to the energy 
have to be considered. Disregarding such cases, we can write for the internal energy 


€int = C^o(yi, ^ 2 , 
and for the statistical weight 




Qin.% — Ov " Qtj 


(V, 8) 
(V, 9) 


where is the weight of the vibrational level (without rotation) and pr that of the 
rotational sublevel (withput vibration). In (V, 8) we have used (7o(yi, wa, • • •) 
rather than Givx, '•■), in conformity with the custom in statistical mechanics of 
referring all internal energies to the lowest state of the molecule considered. Substituting 
in (V, 6), we obtain 

Qiut == E (V, 10) 

. V r 

where for each vibrational level we have to sum over all rotational suldevcls. For 
convenience, we may also write 

Qint = E <3’’, )Ac/(AI’) g^e-^vU.-)hcl(.kT)^ 


Q'’ is the contribution of one vibrational level with all its rotational sublevels to the 
state sum. A shift of the zero of energy by Ae would introduce a factor e-A</(* 5 r) 
(V, 10) in front of the first summation sign. 
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It is obviously veiy tedious to evaluate the partition function Qint by direct 
summation according to (V, 10). However, if we neglect the interaction between 
vibration and rotation, that is, the dependence of F on the vibrational quantum num- 
beis, a consideiable simplification is obtained, since then the sum ’ Qre — is 

T 

the same for all vibrational levels, and the partition function can be written as the 
product of two factors, the vibrational and the rotational partition function, 

Qint == Qv-Qr, (V, 12) 

where 

Qv g,„e-Go(n.t.2-)Ac/(fc5r)^ Qr = Z g^e-^viJ.-noKhT)^ (Y 13 ) 
Now each factor can be evaluated separately. (Note the difference between Qv and 


The vibrational partition function. The vibrational contribution to the partition 
function is most easily evaluated when a further simplification is introduced: the 
neglect of the anharmonicities. These can, of course, be neglected safely only for the 
lower vibrational levels, that is, for lower temperatures, for which the neglect of the 
interaction of vil)ration and rotation is also permissible. In this harmonic-oscillator 
approximation we have, for the vibrational energy, 

CoO’i, V2, • ■ •) =53 (V, 14) 

rather tlian G(fvi, v^, • • • ) from (II, 284). Since the energy is thus a sum. of independ- 
ent terms the contribution to the partition function is a product of terms each one 
of which is due to one vibration only [similar to the products (V, 4) and (V, 12)]. 
We ol)taiu from (V, 13) with (V, 14), considering first only non-degenerate vibrations, 

” 23 g— g— .... (V 15) 

VI 1)2 

Ea,c.h of the latter sums represents a geometric progression whose sum for Vi = 0, 
1, 2, • ■ • oo is given by the elementary formula 

Y .,-o,t>Hhc/(kr) _ 

^ ' 1 — e~'^ihci{kT) ' 

Thus w<* have for the vil)rational partition function 

(harm) _ j (1 


From the al)ove derivation, letting two or more coi coincide, it is easily seen that 
for a degenerate vibration the aijpropriate factor in (V, 15) has to be repeated as 
many times as the degeneracy indiciates, and therefore we obtain, instead of (V, 16), 
for tlie vibrational partition function, 


Q^(harm) 


(1 


g— wi/ic/(A'i’))— g— M2 Ac/(* 3’))— <i 2 ^ J Q—u>zhcKkT)'^—ds ...^ 17) 


where di, d% da, • • ■ are the degrees of degeneracy of the vibrations coi, coz, caz, • • • 
respectively. This includes the case of accidental degeneracy, for example, when a 
number of CH vibrations have very nearly the same frequency. 

Thus, in this approximation, it is easy to calculate the vibrational partition func- 
tion if the frequencies of the normal vibrations and their degrees of degeneracy are 
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known. It is not necessary to know anything about the form of the oscillations or 
about their species, except that the degree of degeneracy must be known. One 
should, of course, use for the coi in (V, 17) the wave numbers Vi of the fundamental 
bands as observed in the infrared or Raman spectrum (that is the A(7i) and not the 
jzero-order frequencies. 

As examples, in Table 138 we give for three temperatures the values of the vibra- 
tional partition function of HCN and CH 4 on the basis of the harmonic-oscillator 


TaBIjE 138. VIBBATIONAL PARTITIOlSr FTJN-CTIONS OP HCN AND CH 4 
(HARMONIC-OSGII^lrATOR APPROXIMATION) . 


Molecule 

1 

T =300® K. 


T =2000® K. 



1.00004 

1.05207 

1.28611 



1.06918 

2.43229 

6.22323 

HCN 


1.00000 

1.00860 

1.10177 


Q^(liarm) 

1.06922 

2.58095 

8.81830 


(1 ^^-<^ihcKkT)'^-l 

1.00000 

1.01533 

1.14018 


{kT)^-2 1 

1.00132 

1.26542 

2.25138 

CH 4 

(1 

1.00000 

1.03991 

1.43700 


"4W(A:T)) -3 

1.00573 

1.64420 

4.41926 


Q^(harm) 

1.00706 

2.19681 

16.30153 


approximation. The contributions of the different vibrations are also given sepa- 
rately. The fundamental frequencies are those given in Table 59 and Table 80 
respectively. 

For numerical calculations it is convenient to note that 

(j^ihc 0)i 4^0 

It" 0.6951 T 

where ca is in cm”^. 

If anharmonicity of the vibrations is not to be neglected (and its neglect appears to be the greatest 
source of error in all these statistical calculations), the most straightforward and, for not too high 
temperatures, simplest way of obtaining the partition function is the direct summ>ation according to 
(V, 13) over all vibrational levels for which jg j^ot negligibly small. This method 

has the advantage that any vibrational perturbations (Fermi resonance) can easily be taken into 
account, and that the degree of degeneracy of the various vibrational levels can be substituted without 
difficulty. It must, of course, be understood that all vibrational levels, not only the observed ones, 
have to be used in the summation. Since for high temperatures the direct summation becomes vei*y 
awkward, Gordon (388) (389) and Kassel (491) have developed expansions for three- and four-atomic 
molecules which take the anharmonicities into account and are somewhat easier to handle. We 
shall not, however, reproduce these formulae. If, as frequently happens, Fermi resonances occur 
for the molecule, the formulae become even more complicated than without them. In either method, 
the direct summation or the use of Gordon's and Kassel's formulae, it is necessary to know all the 
anharmonic constants xa and Oih for the molecule considered. As we have seen in section 3 of 
Chapter III, there are only very few molecules for which these anharmonic constants are all known. 
Even for the molecules for which they are known, the calculation of the partition function at high 
temperatures involves rather uncertain extrapolations: for example, for HCN, while the levels 
have actually been observed up to 15000 the levels V 2 V 2 have been observed only up to 2800 

cm”^. But at high temperatures higher v* 2 P 2 levels, say up to 9000 cm*^, would become of importance, 


(V, 18) 
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w ^ 

and it is very doubtful whether they can be represented by the value obtained from the observed 
^^2^2 levels. 

Conversely, these considerations emphasize the need for more detailed investigations of overtone 
and combination vibrations of ajll thermodynamically important molecules. 

The rotational partition function. The formulae for the rotational partition 
function are of course different for linear, symmetric top, and asymmetric top mole- 
cules. For diatomic and linear polyatomic molecules we have, in very good approxi- 
mation (rigid rotator), 

F(J, •• •) = B/(./ -4- 1); (V, 19) 

and therefore 

Qr = Z (2/ + (V, 20) 

j 


In this formula the influence of the nuclear spin is neglected (see below). 

If the temperature is very low it is best to form Qr according to (V, 20) by direct 
summation, since only comparatively few terms matter. However, for ordinary tem- 
peratures, the number of rotational levels involved is usually very great. In that 
case it is easier to use an asymptotic expansion first given by Mulholland (640) 
[see also Kassel (491)3: 


A:T , 1 , 1 hcB , 4. {hcBY , 1 (hcB^ , 

/icT? 3 15 315 \ A:2’ / ‘S15\kT ) 


(V, 21) 


For small B and large T this formula goes over into the (classical) result 


Qr 


(class) 


kT 

hcB 


0.6951 


T 

B" 


(V, 22) 


which is also obtained by replacing the summation in (V, 20) by an integration (see 
Molecular Structure I, p. 132). Even for TjB = 5 (that is, for example, for CO at 
as low a temperature as 10° K.) tine firvst term in (V, 21) gives 98 per cent, the firsts 
two give 99 per cent, and the first three give 99.95 per cent of the correct result. 

Tho oxi)an8ion (V, 21) can of course be used with appropriate B\v\ values for oacdi vibrational 
level, and thus the intoracition of vibration and rotation can bo taken in af^count according to (V, 11). 
If the latter formula is applied for linear ijolyatomic molecules it is necessary also to take into account 
the fact that for II, A, - ■ ■ vibrational levels tho energy formula is not (V, 19) but 

/'’(J, . ■ .) = BLnJ + 1) - ^3. J ^ I (V, 23) 

(see p. 371). This introduces an additional factor for tho particular vibrational levels. However, 
tho influence on the (iomploto internal partition function is very slight, iruu'.h smaller than tho influ- 
ence of tho neglect of tho interaction of vibration and rotation [using (V, 12) instead of (V, 11) 3- 

For rigid symmetric top molecules the rotational energy is given by [see formula 

(I, 20)3 

F(./, . . .) = BJ(J -h 1) + (-1 - L)K^ (V, 24) 

and therefore the rotational partition function is ‘ 

Qr = E E (2./ + (V, 25) 

^ In order to avoid confusion with tho Boltzmann constant wo are here using K for tho previous 
k that is, K = ./, ./ - 1, • • • - /. 
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For all actual cases, except for extremely low temperatures, this formula may be 
replaced by the expansion [see Viney (902) Kassel (486) (491)] 


Q ^ ^BhoHikT) /_JL_ / ^ y fl + J_ A _ 

^ \B^A \ he J L 12 V 


B \Bhc 


A I kT 


+ 


480 


(■-!)■( 


kT J 


For small values of B/T this expression approaches the classical value 

= '/_!_/ = 1.02718 -J- 

\B^A\hc ) ^ 






B^A 


] 


(V, 26) 


(V. 27) 


which represents a fairly good approximation even for comparatively low tem- 
peratures. 


If the interaction of vibration and rotation is to be taken into account, one may again use ap- 
propriate jff [b] and -d.[o] values. in (V, 26) and then sum over the various vibratipnal levels according to 
(V, 11).. While in this summation no account is taken of the Coriolis splitting of degenerate vibra- 
tional levels, since (V,' 26) is based on (V, 24), Wilson (939) has shown that the inauenco of this 
splitting is negligible. For all practically important temperatures the partition function is close to 
the classical value (V, 27) in any case. 

For spherical top molecules one has simply to substitute A — B m the above 
formulae for symmetric top molecules. 

Since there is no explicit formula for the rotational levels of an asymmetric top 
molecule, it is impossible to derive a rigorous asymptotic expansion for Qr in this case. 
However, it may be expected [see Gordon (388)] that the formula for the symmetric 

top with rotational constants A and VbC instead of A and B (if A, B, C are the 
rotational constants of the asymmetric top) will give a good approximation to the 
rotational partition function of the asymmetric top, if B and C are not too dilferent.^ 
We have then, according to (V, 26), for the asymmetric top, 


Qr 


_ ^^iBChcK^kT) 


\ABC\hc ) \_ 12V 


^V^BChc 

A ) kT 



(V, 28) 


Gordon (388) has shown for a particularly unfavorable case that the equation (V, 28) 
approximates the state sum obtained by direct summation with an error that is only 
0.1 per cent at 100° K. and much smaller at higher temperatures. 

For sufficiently high temperatures (or small rotational constants) (V, 28) goes 
over into 


_ J-^( - 1.02718 = 0.006985 X 10“ (V, 29) 

>1 ABC \ he J ^ ABC 

This corresponds to the classical equipartition and is frequently a sufficiently good 
approximation.® Even in the above-mentioned unfavorable case the difference 

^li A and B are more nearly alike than B and C one has to use C and "\/AB for the rotational 
constants A and B of the symmetric top. . 

® It should be noted that some authors use A, B, C for the moments of inertia. Here they are, 
as always in this book, the rotational constants A/CStt^cJa), and so on. 
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between (V, 29) and the exact value is only 0.3 per cent. Equation (V, 29) rather 
than (V, 28) has almost always been used in calculations of thermodynamic quantities 
of asymmetric top molecules. As examples we give in Table 139 the values of the 
rotational partition functions at the temperatures 100°, 300°, and 1000° K. for a 


Table 139 . rotational partition functions op HCN, CHjCl, CH4, and C2H4 at three 

DIFFERENT TEMPERATURES (NEGLECTING THE IDENTITY OF THE NUCLEI AND NUCLEAR SPIN). 


Molecxile 

II 

0 

0 

0 

>^4 

T=300°K. 

T = 1000° K. 

Classical 

Exact 

HCN 

47.02 

47.35 

141.05 

470.2 

CH3CI 

928.4 

930.1 

4824,4 

29362 

CH4 

85.50 

87.13 

444.31 

2704.1 

C2H4 

512.8 

514.5 

2664.5 

16216 


linear, a symmetric top, a spherical top, and an asymmetric top molecule. For 
100° K. both the classical value and the exact value are given, for the other 

temperatures only the classical value, which however is indistinguishable from the 
exact value. 

In discussing the rotational partition function wo have thus far considered the molecule as rigid. 
The stretching of the’molecule in consequence of centrifugal forces causes a shift of the higher rota- 
tional levels and therefore a change of the rotational partition function. Since the stretching terms 
in the energy formula are known only for very few polyatomic molecules we shall not give the 
formulae for this correction to the partition function, but refer for linear molecules to Giauque and 
Overstreet (360), Johnston and Davis (473), Gordon (389), and Kassel (491) ; for non-linear molecules 
to Kassel (486) (491) and Wilson (936). It should be stressed that these corrections for higher tem- 
peratures may bo of the same order as the higher terms in (V, 21) and (V, 26). 

Up to now we have neglected entirely the infl'ucnce of the identity of nuclei and of the 
nuclear s'pin. For low temperatures, when a direct summation is used, this influence 
is simply taken into account by using the proper statistical weight for each rotational 
level (see Chapter I and IV). For high temperatures, when the asymptotic expan- 
sions are applicable for molecules without identical nuclei, these expansions can also 
be applied to symmetrical molecules if an appropriate change is made as follows. 

In the case of linear molecules with two or more identical nuclei (CO 2 and others), 
the even rotational levels (assuming a ’■Xla''" ground state) are symmetric, the odd 
antisymmetric. It is clear that at high temiieratures the partition function for the 
even levels equals the partition function for the odd levels. Therefore if only one 
set of levels occurs, as in the case of zero nuclear spin, the rotational partition function 
is one half of the previously derived value (V, 21) or (V, 22). Similarly, in the case 
of symmetric top molecules of symmetry Ca®, only the rotational levels with K 
divisible by 3 are of species A, and they are the only ones that occur if the nuclear 
spin of the identical atoms is zero (see Chapter IV, section 2a)- Therefore the 
partition function in this ease, for high temperatures, is one-third of what it would 
be without identical nuclei [equation (V, 20) or (V, 27)]. Similarly, in the case of 
point group Vh (molecules such as C 2 H 4 ) vve have rotational levels of species A, Bi, 
Ih, Bz (see p. 462), which occur equally often if the identity of the nuclei is dis- 
regarded, but of which only the A levels actually occur for zero nuclear spin of the' 
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identical atoms. Therefore the partition function, at high temperatures, is only 
one-quarter of the value that follows from (V, 28) or (V, 29). Finally, in the case 
of tetrahedral molecules (point group Ta) we have the three species of rotational 
levels A, Ey and F. For high J values there are three times as many F sublevels as 
there are A sublevels, and as many E sublevels as A sublevels (see Chapter IV, 
section 3a). Considering the degree of degeneracy of the E and F levels, it is im- 
mediately seen that for zero nuclear spin (when only the A sublevels occur) the 
rotational partition function is only one-twelfth [[that is, 1/(1 2 + 3 X 3)] of what 

it would be without considering the identity of the nuclei [[equation (V, 26) or (V, 27) 
with B = A]. 

The number 2, 3, 4, 12, as the case may be, by which the rotational partition 
function has to be divided in the above cases when the spin of the identical nuclei 
is zero, is called the symmetry number. It was first introduced by Ehrenfest and is 
frequently designated by (t. It is characteristic for each point group, and can be 
shown to be equal to ‘Hhe number of indistinguishable positions into which the molecule 
can be turned by simple rigid rotations'^ [[Wilson (941)3- The reader may easily 
verify this for the above examples. Table 140 gives the symmetry numbers for 
the more important point groups. 


Table 140. symmetry numbers (<r) for various point qroups. 


Point group 

Symmetry 

number 

Point group 

Symmetry 

number 

1 

Point group 

Symmetry 

number 

Cl, Ciy Cs 

1 


4 


1 

C21 

2 


6 

Dmh 

2 


3 

DaH 

8 

T, Ta 

12 


4 

i? 6 » Dak 


Oh 

24 


6 

So 





If the identical nuclei have non-zero spin (I 5 *^ 0), in general, all rotational levels 
occur, but with different weights. Therefore the rotational partition function is 
larger than for zero nuclear spin by a certain factor. The general rule for this 
factor is perhaps most easily understood if we consider first a simple example. In 
the case of a molecule of symmetry number cr ~ 2 with two identical nuclei of spin 
/ = f (for example H2, C2H2, H2O, H2CO) the two modifications (ortho and para) 
have weights 3 and 1 respectively. Thus, at not too low temperatures the rotational 
partition function is (3 -f- 1) times the partition function for zero nuclear spin, 
that is, times the rotational partition function obtained when the identity of nuclei 
and the nuclear spin are neglected. This figure may also be obtained by considering 
the space quantization of the nuclear spins independently of the rotational motion. 
Each spin I = | can have two orientations in a magnetic field and therefore with two 
nuclei of spin | the statistical weight is 2 X 2 = 4 times as large as for / = 0; that is, 
we have the factor for the rotational partition function. If the spin of the two 
identical nuclei were I, the factor would be (27 -|- 1)^J2 since there are 27 -f 1 possible 
orientations for each nucleus. If an atom that does not belong to a set of identical 
atoms (such as O in H2O, C or O in H2CO, C in CO2 and CH4, and so on) has non- 
zero nuclear spin 7, this also introduces a factor 27 -j- 1 in the partition function, 
but in this case for high as well as low temperatures (both ortho and para modifica- 
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tions would have the same factor) . It is easy to see that in the general case the nuclear 
spins introduce^ at not too low temperatures, a factor (21% + 1 )( 2 Z 2 + 1 )( 2 J 3 + 1) - • • 
into the partition function for zero spin, where the product is formed over all nuclei 
of the molecule (see p. 16). For example, for with J(B^^) == f, I(CF®) — f , 

this nuclear spin factor would be 6X4X4X4 = 384; for DCN with I{D) = 1, 
/(C) == 0, /(N) = 1 it would be 3 X 1 X 3 = 9. 

Usually the nuclear spin factor can be and is entirely neglected in statistical calcula- 
tions, since for all molecules but Ha and Da it causes a detectable effect on measurable 
quantities only at extremely low temperatures. For these low temperatures (for Fla 
up to room temperature) it is necessary to use the direct summation with the proper 
statistical weights, and at the same time it is necessary to take account of the fact 
that the two (or more) modifications do not readily go over into one another. 

The exact calculation of the vibrational and rotational partition functions, taking 
all refinements into account (particularly anharmonicity and centrifugal stretching), 
is exceedingly tedious and requires molecular data that are available only for very 
few molecules. Fortunately the harmonic-oscillator approximation and the (class- 
ical) rigid-rotator approximation are very satisfactory as long as the temperature is 
not too high. Since in most practical applications it is this harmonic-oscillator rigid- 
rotator approximation that is used, we summarize the result: Neglecting the spin 
contribution, anharmonicity, and non-rigidity, the internal partition function of linear 
molecules is given by 

kT 

Q. _ ahcH . 

v/mt _ ^,~iP3hciaT)yh ^ ' 


where <r is 2 or 1 depending on whether the molecule has point group D«, 7 ,, or C«,„ 
respectively. For non-linear molecules the partition function, under the above 
conditions, is given by 


Q 


int 


(1 


(T ^ABCyhc ) 


(V,31) 


where the symmetry nunil)er cr is given by Table 140 and where kf(hc) — 0.6951. 
For o}i the frequencies of the fundamentals should be substituted; the di are their 
degrees of degeneracy. For the numerical factor in (V, 31), when either ABC or 
IaIbIc are used, see equation (V, 29) p. 506. 

If the nuclear spin contribution is to be taken into account in the partition func- 
tion, the riglit-hand side of (V, 30) or (V, 31) has to be multiplied simply by 
(2/i -f 1)(2/2 + 1 )( 2/3 + 1) * * • unless the temperature is very low. But in that 
event (V, 30) or (V, 31) could not be applied in any case. 


AooordinK to Wilson (!)41) and Hirschfelder (454), the prodxiet J aI rIc which occurs in (V, 31) 
through ABC can bo evaluated for molecules for which the position of the principal axes is not 
obvious, by means of 

~lr\i 

I H Z 1 t 


A I IX 
Uu 
-hi 


IaIrL! = 


(V, 32). 
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Here the J*®, Ixy, • • • are the moments and products of inertia with respect to any convenient coordi- 
nate system having the center of mass as origin; that is, 

I®® = S TOi(yi® + •••,■**. (V, JW) 

where mi is the mass of atom i whose coordinates are Xi, yi, Zi. If a coordinate system is chosen 
whose origin is not the center of mass and with respect to which the coordinates of atom i are Xi' , 
yi', Zi', the relations (V, 33) have to be replaced (from the theorem of parallel axes) by 

/®x = S + Zi'^) — rmyi'Y — 

M 

Ixy “ tniXi'yi' miXi^)(-S mi2/t ), 

M 

where M = S m*. 


M 


(S miZi')^, 


(V, 34) 


Partition function for molecules with internal rotations. Up to now we Iiave 
implicitly assumed the molecule to be semirigid; that is, that the amplitudes of the 
oscillations.are small compared to the internuclear distances, and that any centrifugal 
stretchings are small. While this assumption is well fulfilled for most of the simpler 
molecules, there are molecules for which it is not fulfilled, namely those in which- 
free internal rotations or slow torsional oscillations are possible. 

If the potential hill preventing free internal rotation is very high, as for example 
in C2H4 and similar molecules, so that the vibrational levels of the torsional oscilla- 
tion can be represented by the ordinary vibrational formula for all energies of im- 
portance for the temperatures considered, the torsional oscillation may simply be 
included >in the previous formula for the vibrational partition function. However, 
'if the internal rotation is entirely free, this ‘‘ vibrational degree of freedom has to 
be omitted from the vibrational partition function Qy, and instead an appropriate 
term has to be added to the rotational partition function Qr. The accurate expres- 
sion for Qr in the case of a symmetric top molecule in which just two parts can rotate 
with respect to each other (CaHe, CH3OH, •• •) is obtained if in (V, 25) tlie term 
Ft(kx,k) of (IV, 113) or (IV, 118) is added in the exponent, and a summation over 
^1 or Ki, the quantum number of internal rotation, is included. In the case of 
symmetric top molecules consisting of two equal parts which carry out an internal 
rotation with respect to each other about the top axis and which are also symmetric 
tops (for example C2H6, if there were free rotation, CH3 — C^C — CH3, and others), 
one obtains for the rotational partition function at sufficiently high temperatures 
Csee Eidinoff and Aston (301) and Kassel (488)3, 


Qr 


1 X YferV 

crAiB\hc ) ’ 


(V, 35) 


where Ai is the rotational constant corresponding to the moment of inertia of one- 
half of the molecule (the CH3 group in the examples) about the top axis, and wliere B 
corresponds to the moment of inertia of the whole molecule about an axis perpcndicm- 
lar to the top axis. The symmetry number o- for a molecule with free rotation is differ- 
ent from that for the same molecule without free rotation. Thus, in the case of rigid 
CsHe (point group Z>3 a or Daa) the symmetry number is 6 (see Table 140), but with 
free rotation there are three indistinguishable positions of the two CH3 groups with 
respect to each other, and for each of these we have the six positions as for rigid 
that is, in all there are 3 X 6 ==! 18 indistinguishable positions, and thus <r = 18. 
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Wilson (938) has discussed in detail the partition function of molecules like C2H6 at 
very low temperatures under the assumption of free rotation when the summation 
has to be canied out separately for the different species of rotational levels. 

h ormulae for the complete rotational partition functions of a number of other non- 
rigid molecules -such as propane, diphenyl, toluene,, isobutane, tetramethylmethane 
——assuming free internal rotation, have been given by Eidinoff and Aston (301) and 
Kassel (488) (489) (490). Jor molecules with a number of symmetric tops attached 
to an essentially rigid frame, according to Pitzer and Gwinn (698), in a good approxi- 
mation each top, assuming free rotation, contributes a factor 


^ (8#^ ^ 0.27930 (V,36) 

to the partition function in addition to Qint from (V, 31). Here n is the number of 
indistinguishable positions of the attached top considered and Im is its “reduced” 
moment of inertia. The latter is given by 



(V, 37) 


a formula that holds accurately for a single attached top but only approximately 
if there are several such tops. In this formula IJ is the moment of inertia of the 
yn’th top, is the cosine of the angle between the axis of the top and the axis of 
the least moment of inertia I a of the whole molecule and similarly for and X,„e* 
It is easily seen that if a molecule with two identical tops is considered, such as G2H6 
(where one top then serves as the rigid framework), then (V, 36) and (V, 37), com- 
bined with the partition function for overall rotation (V, 31), lead to (V, 35). The 
symmetry number appears then as the product of n and the symmetry number <ro for 
over-all rotation (for ethane n — 3 and 0-0 = 6). 

As has been shown mainly by a comparison of calculated and observed thermo- 
dynami(^al cpiantities (see below), the internal rotation is in general not free but more 


TaMI.K 141. I'AJITITIQN FUNCTIONS FOB FBEE AND HINDERED ROTATION 
IN ETHANE OB DIMBTHYU ACETYLENE. 


V'o (cal) 

7’ ==100“ K. 

T =300° K. 

r=500°K. 

r=iooo° K. 

0 

1.548 

2.682 

3.462 

4.896 

500 

1.32* 

2.41 1 

3.2I9 

4.693 

lOOO 

1.13., 

2.03o 

2.829 

4.353 

2{){)() 

1.04, 

1.58a 

2.256 

3.743 

,3(M)() 

I.OIb 

1.38o 

I.9I0 

3.262 

5000 


I.2I0 

1.567 

2.62o 

10000 

1 

I.O84 

1.27« 

1.919 


or lass hindered. Wilson (941), Crawford (236), Price (708), and Pitzer and Gwinn 
(698) have given detailed discussions of this intermediate case for one or more at- 
taidied tops. The formulae for the energy levels, which were illustrated qualita- 
tively for three simple cases by the previous Fig. 165, and likewise the formulae for 
the partition functions are rather complicated and will not be given here. Instead 
we give., in Table 141, for several values (including zero) of the height of the potential 
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barrier (Fo) and for several temperatures, the factor contributed to the partition 
function by the hindered internal rotation in C 2 H 6 or CH 3 — C^C— CH 3 , assuming 
a cosine-like potential of the form of equation (II, 301) with n = 3. The values 
in the first row of the table (for Vo — 0) are those obtained from (V, 36), which 
applies to free internal rotation.®^ It is seen from the table that with increasing 
height of the potential barrier the partition function tends to approach the value 1, 
particularly at low temperatures. The reason for this tendency is, of course, that 
for a high barrier the contribution to the partition function approaches that of a 
torsional oscillation (1 — g— w/ic/(fcr)^— which goes to 1 for large oj and for not too 
high temperatures. On the other hand, for barriers less than say 600 cal (175 cm“^), 
the partition function is close to the free rotation value. 

A situation somewhat similar to the above arises for molecules in which a po- 
tential barrier is separating the two equilibrium positions corresponding to inver- 
sion, as in NII3 (see p. 221f.). The thermodynamic functions for this case have 
been discussed in some detail by Pitzer (693b). 

Heat content and heat capacity. The total internal energy of one mole of a 
perfect gas (including translational as well as inner degrees of freedom) is 

= Eq^ H- iVi€i -f- A^2€2 “h Nsco ”!“•'*> (V, 38) 

where JS/o® is the energy at absolute zero (zero-point energy) and Ni, N 2 , • • • the 
number of molecules having energies 61 , € 2 , — above the lowest energy. The 
numbers Nn, according to the Maxwell-Boltzmann distribution law, are given by 


iV„ = iV 


Q 


7 


where Q is the total partition function (V, 1) and N the Avogadro number. Sub- 
stituting in (V, 38), one obtains^ 


e^ = eo^a-nj: 


/ 


-tnl(kT) 


Q 


= Eo^ + Nk 


T2 dQ/dT 

Q 


Eo^ -A 


d(ln 0) 
dT 


(V, 39) 


Here R = Nk is the gas constant per mole. 

The heat content W of one mole of a perfect gas is the sum of the total internal 
energy E^ and the external energy pV = RT. That is, we have 

W = j&o" + RT + RT^ , (V, 40) 

Cv Ji 


The molar heat capacity at constant pressure is given by 

dT dT\_ dT J 


(V, 41) 


The moment of inertia of the CH 3 group was assumed to be 5.53 X gm cm^ which is 

one half of an older value for Ia(C 2 ^g) but is only insignificantly different from the new value given 
in Table 132. Most authors until recently have used J(CH 4 ) = 5.33 X gm cm‘^ for the moment 
of inertia of a CH 3 group. 

^ Compare the similar derivation in Molecular Spectra I, p. 507, where, however, the zero-point 
energy Eq^ was omitted and where the translational part was separated off first. 
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It is thus seen that the heat content and heat capacity can he calculated by simple 
differentiations if the partition function Q is known. 

Since Q occurs in and (7/ only as In Q, if Q is a product of a number of factors 
the heat content as well as the heat capacity are the sums of a number of correspond- 
ing contributions. In particular, since according to (V, 4) Q can always be written 
as the product of the translational and internal partition function Qtr and Qmt, we 
can write, taking account of the expression (V, 7) for Qtr, 


where 


and 


= E^ A- -^RT + III,,, 

/nrO _ 5 p _4_ /mO 


II? 


lut 


RT"^ 


d(ln Qint) 
dT 


rii) 

^ V, int 


R 


dT 


j~y2 


d(ln Qint) 
dT 


] 


(V, 42) 
(V, 43) 

(V, 44) 
(V, 45) 


are the contributions of the internal degrees of freedom to heat content and heat 
capacity respectively. 

Again, as we have seen previously, Qint can be written as the product of a number 
of factors if certain approximations are made. In particular, if the interaction of 
vibration and rotation is neglected, as is almost always d'one in practical calcula- 
tions,. //?nt and Cp.int can be written as the sums of a rotational and a vibrational 
term; thus 


where 




— 

II? + II? 


(V, 46) 


^ Int 

fdO ^ 

^ ' V, Int 

- r /tO 

" "T" poj 


(V, 47) 

II? 

_ Qr) 

dT ’ 

^yO 
^ ' pr 

= 72 — 1 T- 
dTl 

d(ln Q,) 1 

dT J ’ 

(V. 48) 

II? 

II 

AvO 

^ ' pv 

^ rJL\ 

dT L 

d(ln Qy) ~\ 

dT J ■ 

(V, 49) 


We consider first the rotational contrihnlion to IP and C^f for 7 nolecules without free 
or hindered interrial rota.tions. For high temperatures, assuming a rigid molecule, the 
rotational partition furudlon Qr is given by (V, 22) or (V, 29). Since it occurs both 
in //” and Cjf in the form d(lnQr)fdT, all constant (that is, temperature-inde- 
pendent) factors drop out, and we obtain for linear molecules, from (V, 22), 

II? - RT, Cl = R, (V, 50) 

and for other rigid molecules, from (V, 29), 

II? = IRT, C?,r = IR. (V, 51) 

Thus at high temperatures we have for each rotational degree of freedom the classical 
equipartition values IR/T and IR 77“ and 7'^“ respectively. For all gases except 
H 2 these classical values are i)ractically reached at room temperature or even lower 
temperatures. 
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It should be noted that the moments of inertia do not enter the formulae (V, 50) and (V, 61) for 
heat capacity and heat content at not too low temperatures. Similarly the symmetry number and 
the nuclear spin factor drop out. For lower temperatures, when the asymptotic expansions (V, 21), 
(V, 26), and (V, 28) have to be used, the moments of inertia do enter, while symmetry number and 
nuclear spin factor can still be neglected. However, for very low temperatures, when direct summation 
has to be carried out for Qr in (V, 13), the identity of nuclei and the nuclear spin do produce a notice- 
able effect on the heat capacity except when the symmetry number is 1. We have then also (for 
O’ > 1) to realize that the equilibrium values for and Cj,® calculated by using in Qr all rotational 
levels with their proper statistical weights (inclusive of nuclear spin contribution) do not in general 
coincide with the actual, observed values, because the dijferent modifications having different rota- 
tional species do not go over into one another within the time of an experiment. It is therefore 
necessary to calculate the rotational contribution to the heat content and heat capacity of each 
modification separately and add them in the proportion of the statistical weights of the modifications. 



Fig. 168. Calculated rotational heat capacity of gaseous H2O at low temperatures (a) for 
equilibrium and (b) for no equilibrium between the two modifications [[after Stephenson and 
McMahon (805)]. 

For example, for H2, H2O, H2CO, and similar molecules: Cp® = iOp® (para) + JC,>® (ortho) ; for NHj. 
CH3X, and others: Cp® = ICp® (para) -1- fCp® (ortho), where para and ortho stand for the less and 
the more abundant modification. Fig. 168 gives as an example the rotational heat capacity of H2O 
for equilibrium (curve a) and no equilibrium (curve h) between the two modifications.® 

At low temperatures the corrections due to centrifugal stretching are always negligibly small. 
But at high temperatures they may become noticeable even though still small. According to Wilson 
(936), for H2O, for example, at a temperature of 1000° K. an amount 0.08 cal/degroo has to bo added 
to the Cpr value obtained from (V, 51). The correction is smaller for almost all other molcHfules, 
particularly for heavier molecules. 

The exact vibrational contribution to the heat content and heat capacity is obtained 
by substituting the vibrational partition function Qv from (V, 13) into (V, 49). In 

® It may be noted that while the partition function for the equilibrium mixture, of the two (or 
more) modifications is the sum of two (or rnore) parts cori’esponding to the two (or more) modifica- 
tions, the heat content and heat capacity are not simply the sums of two (or more) contributions 
because of the occurrence of In Q in the formulae (V, 44) and (V, 45). 
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the harmonio-oscillator approximation [[equation (V, 17)], is a product of terms 
due to different normal vibrations- In this approximation, therefore, the vibra- 
tional heat content and heat capacity are sums of terms due to the different normal 
vibrations. Substituting (V, 17) in (V, 49), we obtain 


r/o _ n he 

^ '^'ki 1 - e— iWCfcr) » 



2-858 cal/cm~^, 


(V, 52) 


/ he Y ^ 

/ i (1 - ’ 

(It) ^ cal/degree/cni-^ (V, 53) 


where oji is in cm“^ and the summation is over all fundamentals of the molecule. 
Thus if the fundamental frequencies of a molecule and their degrees of degeneracy 
are known, the evaluation of the vibrational heat- content and heat capacity in this 
approximation is a simple matter. The calculations are further simplified by tables 
prepared by Johnston and published in Wilson’s review (941). They have also 
been reproduced, corrected for the new value of h, by Aston (60). These tables give 


and 


_ j^hccoi _ o)Jicl(kT) 

dcT kT 1 - ^ Q+^ihc/ar) _ i 

^ (hc^Y 

di \ kT J (1 — 


(V, 54) 

(V, 55) 


as functions of coi/T. Hull and Hull (464) have given tables of the functions (V, 54) 
and (V, 55) divided by R, using coihcKkT) == a)i/(0.G951!r) as the independent 
variable. This lias the advantage that the latter tables are independent of the value 
of h. The functions on the right in (V, 54) and (V, 55) were first introduced by 
Einstein and are often called Einstein funetions. 

For higli temperatures, can be replaced by 1 — coiheKkT). If this 

value is substituted in (V, 52) and ( V, 53) it is seen that, asymptotically. 


m ~>RT'Z: d,, C^„ -> /e Z di- 


(V, 56) 


These are the classical values: for each vibrational degree of freedom the contribu- 
tion to IP and Cp'^ is RT and R resiiectively. It should, however, be realized that 
these classical values are ap])roached only at very much higher temperatures than 
the classical value for the rotational contributions to IP and Cj,*’ [[cot7(0.6951jr) must 
be very small compared to 1]. At such high temperatures the harmonic-oscillator 
approximation on which (V, 56) is based is a poor one, since for the higher vibrational 
levels the influence of anharmonicity is large. 

If anharmonicity is to be taken into account, the evaluation of the partition func- 
tion and correspondingly of //)! and Cpri are much more complicated (see above). In- 
stead of giving any exx)licit formulae [[see Gordon (388) (389), Kassel (487) (491)] 
we illustrate in Fig. 169 the de{)endence of the 8i>ecific heat of N 2 O on the tempera- 
ture, first according to the harmonic-oscillator formula (V, 35) (broken-line curve), 
and second if anharmonicitics are taken into account (full-line curve). The circles 
refer to observed values. It is seen that for not too high temperatures and unless 
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very high accuracy is required the harmonic-oscillator approximation is quite satis- 
factory. As mentioned before, this approximation together with the rigid-rotator 
approximation is almost always used in practical calculations. 

As exarn'ples of this approximation, in Table 142 the rotational and vibrational 
as well as the total heat capacities of a number of gases at various temperatures 
are given as calculated from (V, 50 or V, 51), (V, 53) and Cp = -f- C%r + €%. 



Fig. 169. Calculated heat capacity of N2O [after Kassel ( 487 )]. — The solid curve represents 
the data calculated by Kassel taking anharmonic terms into account. The broken lino (nirve is 
based on the harmonic oscillator approximation. The three circles represent values observed by 
Eucken and Liide (312). The drop of Cp° at very low temperatures when the classical value for the 
rotational contribution no longer applies is not shown. The vibrational contribution is the i)art 
above the light horizontal line. The anharmonic constarits used in Kassel's calculation.s were sub- 
stantially the same as those given in (III, 55) with the exception of X 22 for which ho used -3.1 in- 
stead of —2.28. Unfortunately this constant gives the greatest contribution to the difference 
between the harmonic and anharmonic oscillator approximation for Cp*. 

We consider the case of CH 4 in a little more detail. For it C^r = The vibra- 

tional frequencies (in cm~i) are (see Table 80) 2914.2 ( 1 ), 1526 ( 2 ), 3020.3 ( 3 ), 
1306.2 (3) ; the numbers in parentheses indicate the degeneracies. For T = 481.2° K. 
one obtains from Johnston's tables the contributions 0.025, 0.881, 0.059, and 1.908 
cal/degree/mole respectively, giving a vibrational heat capacity of 0% = 2.873 
cal /degree /mole, as given in Table 142. It is seen that most of the vibrational 
contribution is due to the low-frequency fundamentals. 

In Table 142 the observed heat capacities are also given for comparison. In 
every case the agreement with the calculated value is very satisfactory. Therefore 
one may be confident that for other molecules without internal rotations the calcu- 
lated values are likewise reliable even if no experimental determination is available. 
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A large number of such calculations have been cai-ried out and are summarized up 
to 1940 in Wilson’s review (941). 

It must be realized that in order to compare the observed values for heat content and heat 
capacity with the calculated ones, the former must first be corrected for deviations from the perfect 
gas to which the latter refer. The differences between the real-gas and perfect-gas values of H and 
Cp are given by 



where V is the molal volume and p the pressure in atmospheres, and where the derivatives of V are 
taken at constant pressure. Application of these formulae requires a knowledge of the equation of 
state. Fortunately, the corrections are usually small, particularly if the measurements have been 
made far above the boiling x>oint- The observed Cp^ values in Table 142 have been corrected in 
this way. 


TaBUK 142. CAX..CUnATEI> AND OBSnRVRD MOLAR HBAT CAPACITIES OF SEVERAL GABEB- 


Molecule 

T (°K) 

cal /degree/ 
mole 

^0 

cal /degree/ 
mole 

CP 

cjil /degree / 
mole 

calculated 

cal /degree/ 
mole 
observed 

References 

CH 4 

297.7 

2.980 

0.572 

8.52 

8.57 

(312) • 


481.2 

2.980 

2.873 

10.82 

11.20 



1000 

2.980 

9.221 

17.17 

— 


C 2 H 3 

28vS 

1.986 

3.393 

10.37 

9.97 

(509a) 


500 

1.986 

6.124 

13.09 

— 


02 H 4 

270.7 

2.980 

1.838 

9.78 

9.74 

(183) 


,320.7 

2.980 

3.016 

10.96 

10.99 


CHs— C hsC -H 

272.28 1 

2.980 

6.82 

13.77 

13.70 

(512) 


309.21 

2.980 

8.61 

10..56 

16.52 


Cyclo C 3 HG 

272.15 

2.980 

4.18 

12.13 

12.10 

(512) 


308.40 

2.980 

8.87 

10.82 

10.77 


CHa— C^Hs 

330.07 

3.973*^“ 

11.20 

20.13 

20.21 

(513) 


For molecules with possible internal rotations the situation with regard to a pre- 
diction of heat content and heat capacity is not as favorable as for those without 
such rotations, since up to now only in one case (CH3OH) has the spectrum yielded 
a value for the potential barrier hindering free rotation. However, conversely, the 
observed heat-capacity data may be used to determine this potential barrier. As 
long as the interaction of the (hindered) internal rotations with the other motions 
is disregarded (as is almost always done) these internal rotations contribute a factor 
to the partition function, which may bo considered separately, and therefore they 
contribute an additive term to heat content and heat capacity. Here it is assumed, 
of course, that, in place of these terms, the terms corresponding to the torsional 
oscillations are omitted from the vibrational contrilmtion. 

If the internal rotation is entirely free we obtain from the partition function (V, 30), 
when substituted in (V, 44) and (V, 45) for the contribution to lU and Cjf at not 
too low temperatures 


11 


0 

t.I.r. 


wi\ 


ne _ 

' p.a.r. — 


iR. 


(V, 58) 


. ThiB value iueludea the (Miniributiou of free interiiul rotation. 
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If there are several free internal rotations, a corresponding number of terms as in 
(V, 58) has to be added. If instead there is a torsional oscillation, the contributions 
would be given by one of the terms in (V, 52) and (V , 53). For a torsional oscillation 
of 800 cm~^ the contribution to Cp® at F = 200° K. would be 0.21 cal /degree /mole 
as compared to 0.99 from (V, 58) for free rotation. 



Pig. 170. Contribution of internal rotation to the heat capacity in an ethane-like molecule ai 
a function of (a) the potential barrier and (b) the temperature. — The (surves wore <*.al<nilatt»(l on tin 
basis of the tables given by Pitzer and Gwinn (698) assuming a moment of inertia of the Cll.., groin 
of 5.53 X gm cm® (which is double the reduced moment occurring in the above miuitionet 

tables)^“. The circles represent obseiwed values for ethane [[Kistiakowsky, Lacher and St it t (510)] 
the squares represent observed values for dimethyl acetylene [[Kistiakowsky and Ri<!e (513) ]. Nev 
values for O 2 H 6 at higher temperatures have recently been obtained by Dailey and Felsing (2t5lb) 

An example of the case of free internal rotation seems to be dimethyl a,(ud,yleue 
for which the observed heat capacity agrees very well with that ctihuilatcul on tht 
assumption of free internal rotation. The data for this case are included in Talile 142 
For the intermediate case of hindered internal rotation the formulae for heat (uiuten 
and heat capacity are too complicated to be reproduced here (see the referemtes givci 
in the discussion of the partition function, p. 511). We give instead in Fig. 170 j 
graphical representation of the dependence of the contribution to the heat eapacit;: 
<7°, 1 r. on the height of the barrier and on the temperature for an ethane-like molecul 
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(see Table 141 for the partition function). These curves are based on the tables 
given by Pitzer and Gwinn (698). It is seen from these curves that G®, u. approaches 
zero for a very large barrier at any given temperature, and that for a given barrier 

i.r. approaches for a sufficiently high temperature. It is important to realize 
that for small barriers increases first above the free rotation value before the 

decrease sets in. The reason for this initial increase and the maximum is the fact 
that the spacing of the lowest energy levels decreases with increasing Fo as shown 
by Pig. 165. 

It is clear from Fig. 170a that if the contribution of internal rotation to the heat 
capacity of a gas is deterynined experimentally (as the difference of the observed total 
heat capacity and the calculated translational, vibrational, and rotational contribu- 
tions exclusive of internal rotation), it may serve to determine the height of the potential 
harrier. This was one of the ways in which the potential barrier in ethane was 
established (see Chapter III, section 3f.). As shown by Fig. 170a, if a value 

greater than is observed, two values for the potential barrier will account for it. 
A decision between these is possible if values at different temperatures are 

available, 

In Table 143 the potential barriers obtained by the above-described method, as 
well as by the two other methods to be described later, are summarized. It must be 
emphasized tliat all values are based on the assumption of a cosine-like hindering 
potential function []see equation (II, 301)]. For other potential functions other 
barrier heights would be obtained. Since as yet no independent evidence bearing 
on the form of the potential function is available, the values given must be considered 
as equivalent barrier heights and cannot claim to be the true heights [see also Charlesby 
(196a) and Pitzer and Gwinn (698)]. 


According to a very recent paper by Aston, Isaorow, Szasz, and Kennedy (61a') the very high 
values of Fo for OH in ethyl and isopropyl alcohol given in Table 143 are very probably only apparent 
and due to the neglect of the fact that one of the three minima of the potential function has a differ- 
ent energy from the two others (<!omparo the similar situation in the dichloroethanos, p. 347 and 
Fig. 98) leading to an equililn-iura between two molecular forms with different barrier heights. The 
same authors have also deveh)ped an empirical method of calculating barrier heights from the as- 
sumption of a repulsion of hydi'ogen atoms according to an inverse fifth power law. 


Entropy and free energy. According to statistical meolumics the entropy <8° and 
the free energy F” of one mole of a perfect gas, in terms of the total partition function, 
are given by 

S^ = Rd - In N) + RT + R In Q, (V, 59) 

dl 

F" = + RT In N - RT In Q, (V, 60) 

wlicre N is tlic Avoga.(Iro number and Fo” tlie zero-point energy. As for heat con- 
tent and heat capa(5ity, if Q is a prodind of factors, and F” contain sums of corre- 
sponding terms. Thus, sinc.e in all cases Q = Qtr-Qint, we have 

# 

A’" = Si + S"., (V, 61) 

yo = (V, 62) 

Hero, introducing Qtr from (V, 7), the mol volume V = RT Ip (p = pressure) and 
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TABtB 143. POTENTIAL BAREIEKS HINDEKINO FREE ROTATION AS OBTAINED FROM HEAT 
CAPACITIES, ENTROPIES, OR EQUILIBKITIM DATA COMBINED WITH SPECTROSCOPIC DATA. 


Molecule 

Barrier 
cal /mole 

Method 

References 

CaHe 

2750 

entropy, heat capacity, equilibrium 

(496) (510) (511) 

CH3CCI3 

2700 

entropy 

(750b) 

CH3CF3 

3450 

entropy 

(752a) 

GH3CH2CH3 

3300 

entropy, heat capacity, equilibrium 

(495a) (512) (508) (511) 

CH 3 (CH 2 ) 2 CH 3 

3600 

entropy, heat capacity 

(695a) (61b) (61d) (261b) 

(CHslaCH 

3870 

entropy, heat capacity 

(61b) (61d) (261b) 

CH 3 (CH 2 ) 3 CH 3 

3600 

entropy, heat capacity 

(623a) (695a) 

(CH 3 ) 2 CHCH 2 CH 3 

8000 

entropy 

4: a) 

C(CH 3)4 

4200 

entropy 

(693a) (01c) 

CH3CH=CH2 

2100 

entropy, heat capacity, equilibrium 

(245a) (236) (513) (508) 




(835) (511) 

CH3CH2CH=CH2 

<800 

entropy 

(693a) 

CH 3 CH==CHCH 3 

<800 

entropy 

(693a) 

(CH3)2C=CH2 I 

1800 

entropy 

(693a) 

CHsC^CCHa 

<500 

heat capacity, entropy 

(513) (972) 


I 1300 

spectrum 

(517) 

CH3OH 

\ 3400 

entropy 

(238) 

CHsSH 

1460 

entropy 

(752) 

CH3CH2OH 

3000 

entropy 

(773) 


lOOOO(OH) 

entropy 


CH3CHOHCH3 

3400 

entropy 

(774) 


5000 (OH) 

entropy 


CH3NH2 

3000 

entropy 

(62a) (60a) 

(CHsliNH 

3460 

entropy 

(60b) 

(CH 3 ) 3 N 

4270 

spectrum using (II, 303) 

(Ole) 


f 3100 

entropy 

(498) 

(CH3)20 

\ 2500 

heat capacity 

(513) 

(CH3)2S 

, 2000 

entropy 

(677) (851) 

CH3NO2 

:<800 

heat capacity 

(697) (286a) 

(CHslaCO 

1000 

entropy 

(774) 

CH3CHO 

2100 

equilibrium 

(635a) 

0 C 6 H 4 CCH 3)2 

2000 

entropy 

(699) 

m, p C6H4(GH3)2 

^500 

entropy 

(699) 

Si(CH 3)4 

1280 

entropy 

(61a) 

HN 03 

7000(OH) 

entropy 

(326a) 


the (chemical) molecular weight M = mN, 


'lO 

Hr 


s. 

qO 


-l-R In T + f 2i! In ilf + E In 
fi(ln Q int) 






dT 


~j“ R In Qintj 


R In p, (V, 63) 

<V, 64) 
(V, 65) 


Fl - El„ + -^RT - sir, 

Kt = <i«. - RT In Qtat. (V, 6(i) 

The quantity usually tabulated and used for equilibrium calculations is not itself 

All barriers correspond to the hindered rotation of CHs groups except those marked (OH) 
which correspond to the hindered rotation of a hydroxyl group. 
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but - - Eo<^)/T, which according to (V, 62), (V, 63), (V, 65), (V, 66) is given by 

^ - s?, -t-R + B In Sta,. (V, 67) 

For convenience in numerical calculations we give equations (V, 63) and (V, 67) 
also in numerical form. Substituting R = 1.9863 cal/degree/mole, N = 6.0224 X 10®®, 
k = 1.3807 X 10“^® erg/degree, h = 6.626 X 10~®^ erg sec, p = 1 atm. = 1.0132 X 10® 
dynes/cm®, and using ordinary logarithms we obtain (in cal/degree/mole): 

^tr == 2.2868(5 logio IT + 3 logio M) — 2.3135, (V, 68) 

jpo _ wo 

= 2.2868(5 logio !r + 3 logio M + 2 logio <2int) — 7.2793. (V, 69) 


Again, as long as the interaction of vibration and rotation can be neglected, the 
inlernal entropy and free energy are sutns of independent contributions due to rotation 
and vibration: 

SL = S^r + s% <,= F? + < (V, 70) 

where 

*8? = RT + R In Qr, = RT + F In (V, 71) 

dl dT 

F? = El^r - RT In Qr, F« = - RT In Q„, (V, 72) 

Fo = Fo,tr + Ro.t + Fo^p. (V, 73) 

Unlike the case of heat content and heat capacity, since In Qint occurs and not only 
its derivative, constant factors in Qint do not now drop out. Thus, at not too low 
temperatures* we obtain for the rotational contributions for Linear molecules from 
(V, 22) (but including the symmetry number) : 


<8? = R 


^In T 


4- In 


k 

Tc 


n <T “h 1^ 


In B - 1 

= 4.5736(logi» T - log!,, B ~ logio a) + 1.2639, (V, 74) 

Fr - El , 


*8? - F = F? - 1.9863, 


(V, 75) 


and for other rigid molecules from (V, 29), 

,8« = ~ (s In T - In ABC - 2 In <r + In j^Tr ^ j + 3^ 

- 2.2868(3 logio T - logio ABC - 2 logio c) + 3.0327 
= 2.2868(3 logio F + logu. IaIiJc - 2 logi„ a) + 267.5213; ® 

A’" _ //'<> 

V r — U 0, r 


C'O 

r 


IR 


S 


r() 


2.9795. 


(V, 76) 
(V, 77) 


® If the momente of inertia are expreH»ed in (chemical) atomic weight units and Angstrom units, 
the last constant must be replaced by —5.3838. These units are used by Wilson (941). It should 
be noted that Wilson usee the Byrnliols A, B, C for these momenta of inertia wlule here they are used 
for the rotational constants. 
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As before, these formulae are good approximations for all practically important 
temperatures except for very light molecules. For practical calculations it is con- 
venient to take the translational and rotational contributions together. Then, for 
linear molecules at atmospheric pressure,^ 

^0 _|_ ^0 ^ 2.2868(7 logic T + 3 logic M — 2 logic B ~ 2 logic o’) — 1.0496, (V, 78) 


iPl + F^r~ Ktr - Bjr) ^ + ^0 _ . ^ + ^0 

T 


6.9521: 


(V, 79) 


for other rigid molecules,'^ 

^0^ A- St ~ 2.2868(8 logic T + Z logic M — logic ABC — 2 logic o-) + 0.7192, (V, 80) 

(K + f? - + si- iR= -SS. + S? - 7.9452. (V, 81) 


T 


In the above formulae the contribution of the nuclear spins has been omitted. 
Since the nuclear spins cause a factor (27i + 1)(2J2 + 1) * " in the partition function 
fsee n 509), we would obtain an additional term R In (27i + l)(2i2 -t- 1) ■ • • o le 
added to iS? as well as to - (F? - Fg..)/!r. The entropy that includes this term is 
called the absolute entropy, whereas the entropy given above is called the virtual 
entropy. Usually only the latter is considered. It is only at extremely low tem- 
peratures that the absolute entropy must be considered, and then it cannot be ob- 
tained simply by adding the above constant term except when the symmetry number 
is 1: rather it is necessary to form the partition function with the proper total sta- 
tistical weights for each level, and form S^ and F® separately for the dilferent (ortho, 

para, • ■ • ) modifications. , « 

The vibrational contributions, in the harmonic-oscillator approximation, are again 
sums of terms due to the different vibrations. Substituting (V, 17) in (V, 71) and 
(V, 72), we obtain 


si = — F XI In (1 


. „ /ic ^ 

— X ^ ’ 


~ = - R'Z diln (1 ~ 


(V, 82) 


(V, 83) 


T 


In Johnston’s tables [see Wilson (941) and Aston (60)], the contribution of n non- 
degenerate vibration (di = 1) to — (F? — ISo,v)IT, that is, — Fin (1 c ), 

is given as a function of ccJT, thus making a calculation of the free energy very 
simple for any molecule for which all the o>i are known Since the first term in the 
expression (V, 82) for Sl is identical with - (F? - Eo.AIT and the second term is 
identical with HvjT, which is also given in Johnston’s tables (see above), tlie entropy 
also can easily be calculated. At very high temperatures, as in the case of heat 
content and heat capacity, the influence of anharmonicity will make itBclt telt and 
(V, 82) and (V, 83) will no longer give an accurate representation. However, even 


7 If in the formulae (V, 78-81) the moments of inertia in atomic weight and Angstrom units 
are used rather than the rotational constants, it is necessary to replace - 2 logw ii and - logic ABC 
by ■+■ 2 logio Is and ■+• log respectively, and — 1.0496 and 4-0.7192 by 6.6607 and 

— 7.6973 respectively. 
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at temperatures as high as 10C0° K. the effect is quite smaU. Thus Gordon (389) 
found for N 2 O a difference of only 0.016 cal/degree/mole between the value of 
(F" - Fo°)/T obtained from (V, 83) and that obtained if anharmonicity is taken into 
account, this difference being only 0.18 per cent of the total (F° - Eq^) /T. 

As an illustration we give in Pig. 171 the variation of the partial entropies 
*S’r, /Sfi as well as of the total entropy of methyl chloride as a function of the tem- 
perature according to the formulae (V, 68), (V, 76), and (V, 82). The necessary 
molecular data are taken from the previous Tables 84 and 132. The exact values 
for the partial and total entropies at 298.16° K. are 

/S’tr = 37.66, S^ — 17.63, /S® = 0.50, S^ = 55.79 cal/degree/mole. 

93 per cent of is due to the two vibrations of lowest frequency, vz(ai) and 
It is seen from these data and from Fig. 171 that except for very high temperatures 



171. Total entropy and partial entropies (in cal/degree/mole) of methyl chloride as a function 
of the temperature.— 'riu'i two circslea rcpr<J8ont points observed by Messerly and Aston (623). 


the vibrational contrilnition to the entropy is very small compared to the other con- 
trilnitions. This is in contrast to the heat capacity, for which in general at not too 
liigh temperatures tlie vil)rational contribution is relatively much larger (in the above 
exami)le CJJ,, = 1.81, Cp = 9.74). Thus a statistical calculation of the entropy is 
much less dependent upon precise vibrational data than that of the heat capacity. 

“ Oh,v'rm'(r^ valuva of the entropy are usually obtained from the observed low- 
temperature heat c.apmiities Cjf, Cp^, Cp" of the solid, liquid, and gas, and the heat 
of fusion Lf and lieat of vaporization L„, according to the formula 




where it is known from the third law of thermodynamics that 


c, 

Jo 1 


^ cLT- 
T 


0 for 
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r 0. The observed entropy values are therefore sometimes also called “ third-law’* 
values. A Debye function is used in evaluating the first integral in (V, 84) between 
T == 0 and the lowest temperature for which Cy* is observed. 

For a comparison of the observed entropy values with those calculated from 
spectroscopic data the former have to be corrected for gas imperfections. This 
correction is approximately given by 




271iTc^p 
.32T^Po ’ 


(V, 85) 


where Tc is the critical temperature and p and Pc the pressure and critical pressure 
respectively. 

In this way, for example, Messerly and Aston (623), for the case of CHsCl 
considered above, obtained an entropy of 55.94 cal /degree /mole at 298.16® K. from 
low-temperature heat-capacity measurements. The agreement with the previous 
theoretical value is very satisfactory.'^®' Similar agreements have been obtained for a 
number of other molecules without internal rotations Qsee Wilson's review (941)], 
so that for such molecules spectroscopic entropy values may be used with confidence 
even if they have not been checked by thermal measurements. 

The situation is different for molecules with internal rotations. In order to calcu- 
late entropy and free energy for such molecules, we omit in the vibrational contribu- 
tion (V, 82) and (V, 83) the terms corresponding to the torsional oscillations and in 
their place add a contribution due to the hindered or free internal rotations. For one 
free internal rotation we obtain from (V, 64), (V, 66) and the partition function (V, 36) 


St-r. = |(^ln T + In 2 In n + In ("5^ ^ + A 


^ T.1.1 

T 


= 


2.2868 (logio T -|- logio /« 
R 


2 logio n) -1- 89.932 


= - 0.9932. 


(V, 86) 
(V, 87) 


For molecules like CsHe or CHs — C=C — CH-j, if there is free internal rota-tiou of 
one CH 3 group against the rest of the molecule about the top axis [n = 3 and 
Im = /a/4 = 2.759 X lO”"*” gra cm^ (see p. 511)]], we obtain from (V, 86 ) 

= 2.2868 logic T - 2.714. (V, 88 ) 

This variation is represented graphically in Fig. 172b (curve Vo = 0). It is seen 
that is of the order of several entropy units. On the other hand, for a very 

high potential barrier when the torsional oscillation has a high freciuency, the (;ou- 
tribution to the entropy (and free energy) according to (V, 82) is obviously quite 
small, at least for low temperatures. Fig. 172b shows, in addition to the free rota,- 
tion curve, curves representing the dependence of the internal-rotation part of tlie en- 
tropy on the temperature for a few intermediate barrier heights as obtained from 
Pitzer and Gwinn's tables. Fig. 172a shows for three temperatures the dei)endence 
of ^nr. 00 . the barrier height. It is clear from these curves that conversely the meas- 
urement of the entropy may serve to determine the barrier hindering the rotation if a, 11 other 

Messerly and Aston used slightly different values for the moments of inertia and obtaiiu'd an 
even better agroement. 
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Fia. 172. Contribution of internal rotation to the entropy in an ethane-like molecule as a 
function, (a) of the barrier height and (b) of the temperature. — In (b) the curve for Ko = 0 luis not 
been dniwu down to i = 0 since for very low toinperiitureB t.ho (sITecst of the different modificationa 
whicdi IniH not as yet been caUnilated will enter. The two (Urc^kvs represent observations of thO' entropy 
by Witt and Ketnp (947) for (lalld at IS4.1° and 298.1° K sulitractinK the contributions of transla- 
tion, vibration, and over-all rotation (48.70 and 58.13 (od/degree/mol. I’oapecti vely) The small 
square repr<‘8ents the oliservation by Yost, Osborne and Garner (972) for dimethyl acetylene at 
291.0° IC (subtraidiing 04. 2(:) eal/degroe/mol.).'^” 


1 hose are values calculated by the writer. There seems to bo a slight error in the values given 
by Kemp and Pitzer (49fi), 

'Phis vahie is slightly higher than that given by Yost, Osborne and Garner since they have 
assumed t.h<?) (/H;i grriup to haves the same dimensions as in GIK whereaiS here it is assumed that the 
dimensions are the same as in (-jHn (see footnote 3a). 
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contributions to the eiitrojjy can be calculated, froiii spectroscopic df^ta. In 
the circles and the square represent the observed values (^^Sobs. ^tr Sv) 

for ethane and dimethyl acetylene, according to Witt and Kemp (947) and Yost, 
Osbbrne, and Garner (972) respectively- It is seen that the values of ethane lie 
close to the curve for Vo = 3000 cal while the dimethyl acetylene value is close to 
■fche free rotation curve Yo — 0, thus confirming the conclusion from the heat capacity 
(see p. 518f.). 

When the axis of the CHg group does not lie in the top axis, or for other rotating 
groups, the curves of Fig. 172 will of course have to be changed. Detailed tables 
have been given by Wilson (941) and particularly by Pitzer and Gwinn (698) [see 
also Aston (60) J. The results of such calculations have been included in Table 143. 
It must be pointed out that in the only case in which spectroscopic data have sup- 
plied an estimate of the barrier, namely CH 3 OH, the entropy gives a much larger 
value [Crawford (238) This discrepancy has not as yet been explained. 

Pitzer (694) has developed simplified formulae for the entropies of long chain 
hydrocarbons (for which nojb all fundamentals are known) including the effect of 
restricted internal rotations. 

Chemical equilibria. The most important application of the calculation of the 
free energy is the possibility of computing from it the equilibrium constants of chem- 
ical reactions in gases. The equilibrium constant of a gas reaction 


is defined by 


A -f" B ~i” • * • <r-^ A/ -j- B^ . 


Kp 


Pa'Pb' • • ' 
PaPb • • • 


(V, 89) 
(V, 90) 


where pa', Pb', • • ■ Pa, Pb, • • • are the partial pressures of A', B', • ■ • A, B, • • •. 
If two or more molecules of the same kind occur on the left- or right-hand side of 
(V, 89), the corresponding terms in (V, 90) have to be written two or more times. 

According to a well-known theorem of thermodynamics, the equilibrium constant 
is given by 


AF AKo® 

- 22 In Kp = — = + 



(V, 91) 


where AF is the total standard molar free energy change and APJo" the total standard 
molar zero-point energy change, which is positive when energy is absorbed in going 
from A H- B 4- • • • to A' -h B' -f- • • - . 

Instead of expressing the equilibrium constant in terms of the free energies one 
may also express it directly in terms of the partition functions by substituting (V, 60) 
into (V, 91), obtaining 

^ .9^ ... p-Anl/(itT) 

NN 


Qa Qji 
N ' N 


(V, 92) 
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Here the Q are the total partition functions referred to the lowest energy level of 
each molecule. If we use instead the partition functions referred to a zero point 
of energy that is the same for all molecules taking part in the reaction, we can also 
write 

Q%' 

n‘n“' 

~ qo qo ■ (V, 93) 

W ' Jr 

In the case of reactions in which the produced molecules are equal in number to the 
reactant molecules, the N's drop out in both (V, 92) and (V, 93), and a very simple 
formula results. 

According to either (V, 91) or (V, 92), the equilibrium constant of a chemical gas 
reaction can be predicted if both — Eo^)IT (or Q) for all reaction partners and 
AJS’o" are known. 

We discuss first in a little more detail the infitience of (F^ — Eo^)/T or Q on the 
equilibrium. These quantities can be determined according to the previous formulae 
from spectroscopic molecular data except when there are internal rotations (for 
which as yet no satisfactory spectroscopic data are available). {F^ — Eo^)jT has 
been tabulated for a number of molecules by various authors Usee Wilson (941) and 
Aston (60)]. 

It is easily seen from (V, 92) (or V, 91) that the nuclear spin has no influence on 
chemical equilibria except at very low temperatures. As we have seen previ- 
ously, the nuclear spin, at not too low temperatures, contributes a constant factor 
(2/i -h 1 )( 2/2 + 1) • • • to the partition function of each molecule and, since the 
nuclei are the same for the reactant .and produced molecules, these factors cancel. 
For this reason the nuclear spin is usually omitted in tabulations of the free energy. 

From the formulae for the rotational partition function (V, 22 ), (V, 27), (V, 29), 
and from (V, 92), it is seen that the equilibrium constant at a given tenq^erature is 
the larger, the larger the product of the moments of inertia of the produced molecules 
(and the smaller that of the reactant molecules). Similarly, it is seen from the vibra- 
tional partition function (V, 17) that the equilibrium constant is the larger,- the smaller 
the vibrational frequencies of the produced molecules (and the larger those of the 
reactant molecules). C^uite generally it can be said that the side of a gas I'eaction is 
favored that has the lower and more closely sjiaced energy levels of its molecules. 
This is, of course, only a secondary influence if Afi/o'* is large. 

It is also interesting to consider the influence of internal rotations on the equi- 
librium. If one of the produced molecules has a free internal rotation but none of 
the reactant molecules has such (as might conceivably have been the case for the 
rea(!tion C 2 H 4 + H 2 — > C-ille), it is immediately seen from Tal>le 141 and equation. 
(V, 93) that the equilibrium constant may be several times larger tlian in the case 
of no free rotation, all other factors being the same. For intermediate potential 
barriers, intermediate values of the equilibrium constant arise (see Table 141). Con- 
versely, therefore, the measurement of the equilibrium constant of an appropriate 
reaction may serve as a (third) method for the determination of barrier heights (see 
the example below and Table 143). 

Even though the equations (V, 92) and (V, 93) are convenient for the discussion 
of the influence of a particular term on the equilibrium constant, for practical calcu- 
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lations (V, 91) is usually used. At any rate, most authors prefer to tabulate 
{F^ — Eo°) IT rather than Q. 

The second datum that enters the equilibrium constant, the zero-'point energy 
change AjEJo°, may in certain cases also be obtained from spectroscopic data. If the 
atomic heats of formation, D(A), 2)(B), - * *, I>(A'), - of all reaction partners 

are known Qthat is, the energies required to dissociate the molecules A, B, •••, 
A', B', • • * from their lowest states into free atoms (see Molecular Spectra I):] the 
zero-point energy change is simply given by 

= Z)(A) -H D(B) + • • • - i)(A') - X>(B') - • • •. (V, 94) 

As an example, for the thermal dissociation of HaO into OH and H according to the 

equation HaO — > OH -f- H, we have AjE'o® = i)(H 20 )— D(OH)=218.9— 99.4 = 119.5 
kcal. To be sure, the atomic heats of formation of most polyatomic molecules are 
not of purely spectroscopic origin, since use is made in their derivation of thermo- 
chemical heats of formation (in the example the heat of formation of HaO). 

In the case of isotopic exchange reactions such as 

HaO -I- HB :e::± HDO -H Ha, (V, 95) 

HaS -f Da DaS •+ Ha, (V, 96) 

CaHa + CaDa 2 C 2 HD, (V, 97) 

the zero-point energy change AEq^ and therefore the equilibrium constant can be 
obtained entirely from infrared and Raman data. For these reactions, in (V, 94) 
the differences of the atomic heats of formation of isotopic molecules occur. But 
these differences are equal to the differences of the zero-point energies <7(0, 0, • ••) 
which can be obtained from the observed vibration spectra. We have in this case 
(in cm~0 

AF^o® = O^'(0, 0, ■ - - ) + <7^'(0, 0, ..-) + -*• 

- <7^(0, 0, •-•)- <7®(0,0, •••)■• •, (V, 98) 

or if anharmonicities are neglected (see p. 78), 

AF?o° = I H -j- i-Z (V, 99) 

where in the sums di-foldly degenerate vibrations have to be added di times. 

In this way Glockler and Morrell (377) have calculated AEa^ for the reaction 
(V, 97), Grafe, Clusius, and Kruis (398) for the reaction (V, 96), and Libby (577) 
for the reaction (V, 95) and similar ones, taking account of anharmonicity [^see also 
Black and Taylor (155a)]]. Other similar reactions have also been studied. 

In many cases Ai^Jo” cannot as yet be obtained entirely from spectroscoinc data., 
but it is obtained from the observed heat of reaction AH ^ with the help of spccdro- 
scopic data. This heat of reaction, apart from the correction for deviation from 
the perfect gas, according to (V, 42), is given by 

Ai7« = AEo^ + A Z + HL) = H- A Z (H« - Eo^). (V, 100) 

■* 

® The heat of reaction may be determined by direct calorimeter measurements or indirectly from 
the temperature dependence of the equilibrium constant (van’t Hoff's equation). 
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From this equation AEq^ can easily be evaluated according to the previous discussion 
of the heat content H if AIP is measured. 

It may be noted that when the number of molecules is not changed by the reac- 
tion the translational term A (XI ^RT) in (V, 100) is zero, since ^RT is the same for 
all gases. In such cases, therefore, the dependence of the heat of reaction Ail® oh 
the temperature is determined solely by the difference in temperature dependence 
of Hint = HF^CdCln (3int)/drX that is, of the internal partition function of the gases 
concerned, or qualitatively, by the difference in the vibrational and rotational 
energy levels which, on account of the Boltzmann factor, are differently populated 
at a given temperature. In a similar manner it is seen from (V, 92) that the devia- 
tion of the equilibrium constant Kp from the value jg determined only 

by the different temperature variation of the internal partition functions, if' the 
number of molecules is not changed by the reaction. 

As a first ilUistration of the calculation of chemical equilibria let us consider the industrially 
important water'-gm equilibrium [[see Kassel (487)]: 

CO 2 + Ho ^ CO + H 2 O. (V, 101) 

The zero-point energy change in this case is not known from spectroscopic data, but can be 

calculated from the observed heat of reaction,® which is at 300° K. : A //300 = 9808 caL In order to 
obtain from it we have to know the quantities at 300° for the four gases involved* 

According to calculations, based on the previous formulae, by Kassel (487) for CO 2 , by Davis and 
Johnston (270)^® for H 2 , by Johnston and Davis (473)^® for CO, and by Gordon (388)^^ for H^O, the 
values of - AV for 300° K* are 2256.1, 2036.2, 2085.1, and 2376.3 cal/mole respectively. From 
these values it follows that for the reaction (V, 101)^^ 

AAo® - - A2(/7® - A®) = 9808 - (2085.1 + 2376.3) + (2256.1 + 2036.2) = 9639 cal/mole. 

The quantities*--* (F® Ac®)/'/’ for five temperatures as derived from spectroscopic data by Kassel 

(487) for CO 2 , Giaiiqiie (357) for H 2 , Clayton and Giauque (212) for CO, and Gordon (388) for H 2 O 


TaIJLU 144. OAXiCULATION OF THU EQITILIBKIUM CONSTANT FOIt THU WATIOH-GAS HEAOTION. 


T, °K. 

_ El 

CX)2 

Ha 

1/mole/de 

CO 

Kr<‘e) 

HaO 

A/?«« 

T 

R In Kp 

Kp 

(calculuttKl) 

Kp 

(observed) 

300 

43.020 



24.480 

40.408 

37.230 

32.130 

-22.59 

1.15 X10“» 


fiOO 

49.201 

29.218 

45.238 

42.705 

10.005 

-0.541 

3.71 X 10-2 


900 

5.3.074 

32.020 

48.114 

40.10G 

10.710 

-1.584 

0.451 

0.46 

1200 

50.049 

34.027 

50.210 

48.579 

8.033 

+0.080 

1.41 

1.37 

1500 

58.513 

35.005 

51.880 

50.580 

6.420 

+ 1.922 

2.03 



® It is the differetuH'! of the heats of comhuetion of H 2 and of CO. 

Idiese authors give the total energy’' wliic.h is IP Ao® apart from the term + §727’. This 
term has to be added to th(4r data to make thorn consistent with the others. 

Gordon gives only — (F® — Ao®)/7’ and but we have IP — Eo^ = (S® + — Ao®)/7’)7’- 

Here a slight correction of A//aoo to the value A//;ioo for the ixerfeet gas has been neglexjted. 
Aec^ording to Kassel (487) it amounts to only ().4 cal/mole, which is within the accuracy of ATfaoo. 

Giauque gives — (F® — Eo^^)IT including nuclear si)in. To make the data consistent with the 
others R In 4 — 2,755 had to be sul>tracted from his values. 

’'Phis tal)le, unlike all others in this book, is based on the older set of physical constants as 
given in the International Critic^al Tables, since the free energies in the referenees quoted are based 
on these constants. 
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are given in Table 144. We obtain now — R in Kp according to (V, 91) by adding AEqPIT, given in 
the sixth column of Table 144, to — (Fo -r Fo®) IT for CO 2 and H 2 in the second and third cohimns and 
subtracting — (Fo — W) (T for CO and H 2 O in the fourth and fifth columns. The resulting values of 
R In Kp are given in the seventh column while the values of Kp = {^K^o*P'K^o) Kvco^ ’PH 2 ) itself are 
given in the eighth column. The last column gives, for two . temperatures, values observed by 
Neumann and Kohler (652) which agree very satisfactorily with the calculated ones.^^ The latter 
are believed to be more accurate than the former. . 

As a second example we consider the ethylene-ethane equilibrium 

CaHe ^ C 2 H 4 + H 2 . 

This equilibrium has been studied by various investigators, both theoretically and experimentally, 
most recently by Guggenheim (403) (where references to the earlier work may be found) and by 
Kistiakowsky and Nickle (511). The calculations for the three temperatui’es 653®, 723®, and 863® K. 
are summarized in Table 145 (similar to Table 144) and compared to the observed values of Kistia- 


Table 145. calcxtlation of the equilibrium constant of the reaction CaHe ^ C2H4 + H2. 


r, °K. 

Fq—Eo’‘ 

— . (cal /mole /degree) 

AEo° 


(cal) 

Kp (oba) 

(p in atm) 

C2H6 

(with 

To =2750 cal) 

C2H4 

H2 

T 

(cal/mole/ 

degree) 

0^ 

II 

0 

F(, =2750 cal 

653 

54.31 

51.65 

29.80 

47.30 

2.40 X10-® 

3.91 XIO-®' 

4.04 XIO"** 

723 

65.79 

52.88 

30.50 

42.72 

3.08X10-* 

4.90X10-* 

5.16 X10-* 

863 

58.59 

65.18 

31.73 

36.79 

1.53X10-2 

2.30X10-2 

2.44 X 10“** 


kowsky and Nickle (511) for the two lower temperatures and of Travers and Pearce (869a) for the 
highest temperature. The calculations have been carried out with the most recent values of the 
molecular constants (see Tables 92, 105, and 132), for the alternative assumptions of free rotation in 
C 2 H 6 and of a potential barrier of 2750 cal. The zero-point energy change — 30,89() cnl was 

obtained from the heat of reaction ~ 32,575 cal observed by Kistiakowsky, Romeyn, Ruhoff, 

Smith, and Vaughan (514). It is seen that the agreement of the observed values witli th(>s(> (*ulcu- 
lated under the assumption of a barrier of 2750 cal is very satisfactoi’y while the values tuifinilated 
under the assumption of free rotation fall far outside the limits of error of the observed ones. 


Similar statistical calculations of equilibrium constants have been carried out 
for numerous other reactions. We mention only some of them. Extensive data 
for the reactions 2002^200 + O 2 and CO 2 + C<=^2C0 are given by KafivSel 
(487), and for the reactions H 2 4- 202^H20, OH + 1112 H 2 O, O;{?=il|02, 
O2 d- 0 ^ O3 (in addition to a number of diatomic dissociation equilibria) by Tjcwia 
and von Elbe (575). Furthermore, equilibrium constants for a number of organic 
reactions have been calculated on the same basis by Kassel (489) (490), Schumann 
and Aston (773) (774), Pitzer (694), and Thompson (852) (853). In some of these 
reactions, just as for the ethane-ethylene equilibrium, agreement between observed 
and calculated equilibrium constants is obtained only when restricting potentials 
hindering internal rotations are assumed (see the previous Table 143). 

^‘‘The “observed” values given are interpolated between the actually observed values, whi(;h 
do not happen to fall ejcactly at the temperatures given. 
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2. Nature of Liquid and Solid States: Intermolecular Forces 

From, an investigation of the changes occurring in the spectrum in going from 
the gaseous to the liquid and solid states, together with a knowledge of the structure 
of the free molecule concerned (as obtained from the spectrum of the gas), it is 
possible to draw important conclusions about the nature of the liquid and solid states 
and of the intermolecular forces. This field of investigation has been developing 
rapidly in recent years. It is not possible to give a complete summary here; we 
shall limit the discussion to some of the important points. In the case of solids 
we shall discuss only molecular lattices, and not metallic, atomic, or ionic lattices, 
in which the individual molecules can no longer be considered as separate units. 

Rotation of molecules in liquids and solids. When the pressure of a gas is in- 
creased the individual lines in the fine structure of infrared and Raman bands become 
broader and broader, because of the frequent collisions of the absorbing molecules 
with others, and on account of the increasing interaction of the molecules with de- 
creasing average distance from one another. It is therefore not surprising that in 
liquids, in which the molecules are even closer together, Raman and infrared bands 
do not in general show a rotational fine structure. A notable exception is liquid 
hydrogen (see Molecular Spectra I), for which a well-resolved rotational Raman 
spectrum has been observed. The only two cases of polyatomic molecules that form 
exceptions do not refer to pure liquids but to solutions: 

NHs in aqueous solution, according to Langseth (548), shows a vibrational 
Raman band at 3311.8 cm“^ with a well-developed though diffuse fine structure 
consisting of S, R, Q, P, and O branches. This must indicate, as for Ha, that in 
the solution a quantized rotation of the NH 3 molecules takes idace such that the 
rotational levels, though broad, do not merge into one another. H 2 O in an inert 
solvent such as CCI 4 or CSa shows, according to Kinsey and Ellis (505) and Borst, 
Bus well, and Rodebush (171), a fairly well-developed fine structure of its bands,^® 
which seems to be correlated to that of H 2 O vapor and therefore also indicates a 
nearly free, quantized rotation. It seems at first somewhat difficult to understand 
why this fine strindure should occur in these two cases and not in many other cases. 
However, on second thouglit, it is realized that there are not many cases suitable 
for such investigations, and only very few of these have actually been investigated. 
Oidy a molecule that gives widely s])a.ced rotational lines would be expected to show 
bands with fine structure in the liquid state. The only molecules fulfilling this 
condition are HF, H 2 O, NH;!, CH 4 , and their homologues. Liquid HCl and H 2 O 
definitely do not show any rotational structure of their infrared and Raman bands 
[for HCl see particularly West (918)]. This is easily understandable on the basis 
of their large dipole moments and their shape, which does not lend itself easily to 
undisturbed rotation in the liquid state. On the other hand, NH 3 and CH 4 , which 
would be expected to rotate with less disturbance in the liquid state, have not been 
investigated in any detail. For NH 3 there is only the above-mentioned investigation 
of NHs dissolved in water and for CH 4 there is only an early investigation of the 
Raman spectrum of the liquid by McLennan, Smith and Wilhelm (608b) which does 
show indications of a fine structure of the band vz. A further study of the spectrum 
of liquid methane would appear to be most promising. 


Thia was, howovei’, not found in Bimilar inveatigations by Fox and Martin (328). 
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It is important to realize that in the case of HCl, II 2 O, and molecules with smaller 
rotational spacings, the spectrum of the liquid is not simply a duplicate of the 
spectrum of the gas with each fine structure line so broad that the whole band appears 
diffuse. There is a drastic change of the intensity distribution as well. While, for 
example, in gaseous HCl at ordinary pressure we have in. the infrared bands the two 
branches P and R separated by the zero gap, and at higher pressures at least two 

maxima, in the liquid there is only one 
comparatively sharp maximum (at least 
as sharp as the P and R maxima in the 
gas). This is shown in Fig. 173, taken 
from West (918). Another example is 
CeHe, for which in the gaseous state 
many bands are found to have three 
maxima, very probably corresponding 
to F, Q, and R branches (see p. 365), 
while in the liquid (and solid) state as 
well as in solution only , one much 
sharper maximum occurs for each band 
[]see Leberknight (561) and Fox and 
Martin (328) 2- Similarly, in the Ilaman 
spectra of most liquids we do not ob- 
serve simply an unresolved rotation 
band, but instead of there being a max- 
imum on either side of the undisplaced 
line, as in the gas at low pressure, the 
intensity drops continuously from the 
undisplaced line. This is observed for 
the liquid as well as the gas at very high 
pressure. Fig. 174 shows as an illustra- 

Fio. 173. First overtone of HCl at 1.76/x in intensity distribution in the 

the gas and in the Iiq.uid at various pressures and . i -r^ . ^ 

temperatures Cafter West (918)1 rotational Raman spectrum of CO 2 at 

15 and 60 atmospheres after Weiler 
(914). Also, in the vibrational Raman spectrum, lines that are broad in the gaseous 
state because they correspond to non-totally symmetric vibrations are found to be 
sharper in the liquid state Qsee Fig. 136 and Nielsen and Ward (670)]. 

On the other hand, this difference between liquid and vapor does not always seem 
to occur between solution and vapor. The two previously discussed cases of NH3 
in H 2 O, and H 2 O in CCU and CS 2 are examples of this. In many other cases the situa- 
tion is made more complicated by polymerization and formation of hydrogen bonds. 

The situation is again somewhat different in solids. In no case has quantized 
rotation been detected spectroscopically.^®®’ The observation of a fine structure in 
solid HCl by Shearin mentioned in Molecular Spectra I has been disproved by Lee, 
Sutherland, and Wu (571). However, the existence of ortho hydrogen in solid 
hydrogen proves that quantized rotation takes place in solid hydrogen just as in the 
liquid, if in no other case. The infrared and Raman fundamental of solid HCl does 

1®“’ Note added in proof: Very recently Beck (132a) has reported fairly well resolved rotational 
fine structures in the infrared absorption bands of solid amnuonium chloride and bromide. 



5800 5700 5600 5500 5400 




V, 2 


NATURE OF LIQUID AND SOLID STATE 


533 



show two maxima Qsee Hettner (448) and Lee, Sutherland, and Wu (571)3- But it 
is rather doubtful whether this means incipient quantized rotation, particularly 
since the two maxima merge into one for temperatures above 98° K. where a thermal 
transition point has been observed. If free quantized rotation occurs at all, it is 
more likely to occur above the transition point than below it. For solid HBr and 
HI, Zunino (978) found only one maximum. Again it would appear to be promising 
to investigate solid CH 4 , particularly 
since thermal measurements for CH 4 as 
well as SiH 4 and CD 4 seem to indicate 
free rotation above a certain transition 
point. But from these thermal measure- 
ments it cannot be decided whether or 
not the rotation is quantized [[see Clusius 
(220), Eucken and Veith (315), and 
others]. By means of thermal measure- 
ments as well as electrical measurements 
(dielectric constant, piezoelectric effect), 
free rotation in crystals has been shown 
to occur in a number of other cases [[for 
example, for NH 4 CI by Hettich and 
Hendricks (447), for H 2 O by Giauque 
and Ashley (358)]. 

A theory of molecular rotation in 

solids was first given by Pauling (685), .. ^ 4 . 1 . 

and was later developed by I owlei (327), rotational Raman band of CO 2 at IS and 

Nielsen (663), Devonshire (286), and go atm. [after Weiler (914) []. — The full curve 
Cundy (251). These authors have represents the theoretical distribution at low 
, .11 XI • - 4 - 1 .,,+ pressure. The numbers above the abscissa axis 

shown, among other things, tluit Wltl running numbers of the rotational lines 

increasing strength of the interaction of which are (J/2) -p l. 
the molecules a transition takes place 

from free quantized rotation to oscillation about an equilibrium orientation, and 
conversely that with increasing temperature a transition takes place from oscilla- 
tion to rotation, explaining the observed transition points that are not accompanied 
by change of crystal structure. 

Debye (271) has given a theoretical treatment of molecular rotation in liquids. 

Intimately connected with the question of molecular rotation in crystals are 
certain oppcvrent contradictions to the third law of thermodynatnics. For example, if 
the absolute entropy of light or heavy hydrogen is determined from thermal measure- 
ments by calculating f dT, assuming that the integral vanishes at absolute 

zero, a value is obtained that is appreciably smaller than the entropy calculated 
statistically in tlie manner described in section 1 of this chapter. The explanation 
is that in the crystal the equilibrium between ortho and para molecules that is, 
rotating and non-rotating molecules — freezes, and the Cp measurements at low tem- 
perature refer to the non-equilibrium mixture of the two modifications. By adding 
the entropy of mixing to the thermal entropy, agreement with the statistical values is 
obtained [[see Giauque and Johnston (359) (357), Johnston and Long (474) and Clusius 
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and Bartholom^ (222) 3- A similar situation seems to exist in H 2 O Csee Giauque and 
Ashley (358)3, but such an effect does not occur for N 2 , indicating that the interaction 
with the lattice prevents a free rotation at any temperature [see Clusius and 
Bartholom6 (222)3- On the other hand, for slightly unsymmetrical molecules such 
as CO and N 2 O, which apparently do not rotate freely in the solid state, a discrepancy 
between thermal and statistical entropies still occurs, and is explained by the fact 
that two almost equivalent orientations- (CO and OC) are possible in the lattice 
and that in going to lower temperatures an almost 1 : 1 equilibrium between these 
two orientations is frozen. This gives an addition to the entropy of an amount that 
is equal to or smaller than 22 In 2 = 1.38, which agrees well with the observed discrep- 
ancy [see Clusius and Teske (223), Clayton and Giauque (211), and Clusius (221)3- 

Molecular vibrations in liquids and solids. It is well known that the vibrations 
of diatomic and polyatomic molecules can take place in the liquid and solid state 
without appreciable alteration. In fact, in the discussion of the vibrational structure 
(Chapter III) we had often to use vibrational frequencies of molecules as measured 
in the liquid state. We are now interested in determining how the usually small 
changes that do take place in going from the vapor to the liquid and solid phases 
are related to the structure of the liquids and solids. 

Two groups of observations may be distinguished: (1) Observation of small changes 
of the frequencies of the vibrations and possibly of the intensities with which they 
occur in the Raman or infrared spectrum in the gaseous, liquid, and solid states: 
(2) Observation of new vibrational frequencies which are absent in the gaseous 
state. 

In order to give an idea of the magnitude of the frequency changes we list in Tal)le 
146 the fundamental frequencies of some molecules in the gaseous, liquid, and solid 
states. The changes vary from 0 to 5 per cent and are practically always toward 
smaller values. It is noteworthy that in some cases different vibrations of one and 
the same molecule show very different relative frequency shifts. Furtlicnnore, it 
must be noted that at least for the hydrogen halides [Zunino (978), West (918)3, 
and probably also for the other molecules, the shift decreases with increasing tem- 
perature both in the liquid and solid states. This is, of course, what one would 
expect, since with increasing temperature the average separation of the molecules 
increases. Frequency shifts have also been investigated for many solutions, and 
have been found to be of the same order of magnitude, although frequently somewhat 
larger than for the corresponding pure liquids [see, for examijle, Ellis and Kinsey 
(303) and West (918)3- Kirkwood [quoted by West and Edwards (919)3 Ihiuer 
and Magat (127) have developed theoretical formulae for the shift, assuming a 
simple electrostatic interaction of an oscillating dipole with its surroundings of 
dielectric constant D. They find that the relative shift should l^o i^roportional to 
(D — 1)/(2Z) -f- 1), which seems roughly to be the case for HCl in different non- 
ionizing solvents. Moreover, the order of magnitude of the effect comes out cor- 
rectly. The theory implies essentially free rotation of the oscillating dipole. 

In the second group of observations new bands are found which do not occair in 
the gas; or, in other words, for some vibrations the shifts are so great tliat tlu;y can 
no longer be considered as due to the influence of the average interaction with all 
the neighboring molecules. Thus in solid H 2 O at low temperatures, in place of the 
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Table 146. vibration frequencies (fundamentals) in the gaseous, 

LIQUID, and solid STATES. 




Molecule 

HCl 

CO2 

CS2 

HaS 

SO2 

HCN 

C2H2 

CH.i 

CH3CI 

CHCls 

C2H.1 

Clii,— C. 9 hCH 

Callo 

Colic. 


Vibrations 


^2v2(S„+)/ 

V2 

vii.ai) 

{ viCai) 
fl'i(cr+) 

ff'Ko',/''') 

J'lCoi) 

/4(<0 

I'lC'fi) 

I 

I »':i("i) 
.J'c(<0 

»'l(U|) 

I l'2(oi) 

I J'll(Oi) 

»':.(« 1') 
i J'fiC'M") 
i'H(r') 
[t'liO'") 

C|l!(''l») I 

, »O.V+-I'IC,(/!.'li<) / 


V (gas) (cm 

V (liquid) (cm ^) 

V (solid) (cm ^) 

2886 

2785 

2708 (100° K.) 

1285.5 

1285.5 

1285 

1388.3 

1387.5 

1388 

667.3 

2349.3 


22S8’''® '■ 

655 

656.5 

2545.8 

2610.8 

2573.6 

2553.7 

2520.8 

1151.2 

1144.3 


519 

524.5 


1361 

1336.0 


2089.0 

2094 


3312.0 

3213 


1973.8 

1959 


3373.7 

3338 


2914.2 

2909 

2906 (83° K.) 

2966.2 

2955 


732.1 

709 


3041.8 

3033 

3036 

3018.9 


672 

363 

668.3 

365.9 


262 

262 


3019.3 

3009 


1623.3 

1621 


1342.4 

1340 


3129 

3305 


2941 

2926.2 


2142 

2123.5 


930 

2899.2 

929.5 

2884 


993.0 

994 


1379.0 

1370 

1370 

1486.0 

1462 

1462 

14(>0 

1463 


30(i9 

3061.9 


992 

992 


3099 

3015 

3090 

30.35 

.3089 

(193° K.) 
3034> 


References 

(448) 

(608a) 

(261a) 

(466) 

(647) 

See Table 65 


See Table 59 

(377) 

(380) 

(823) (60Sb) 
See Table 84 


See Table 86 


(378) 


See Table 100 
(386) (368) 


(379) 


(63) 


(162) 

(561) 


Rjurian line 3()54 c.m“i of the vapor, two lines appear a.t 3090 and 3135 cm“i [Suther- 
land (823)3. genera, lly accepted expla, nation of the new line.s in this and other 

ca..ses is that tliey are due to 'poli/nters or associated molecules. 

Perhaps the most clcar-(uit ease is tha,t of formic acid (HCOOH). Here the vapor 
shows the characteristic O — H vibra,tion (3570 cm"”*) only at higher temperatures, 
when it certainly is monomeric. At lower temperatures and in tlie liquid state this 
O — If vihra,tion does not occnir, but instead a new band at 3080 cin“^ is observed 


'rh(>s(^ aro tlu' main rnaxinia.. 
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[[Bonner and Hofstadter (167) which must be ascribed to the O — H vibration 
in the dimer. The reason for the great change of the O — H vibration frequency in 
the dimer is now generally agreed to be hydrogen bonding, which is also responsible 
for the considerable stability of the dimer [[binding energy = 12.6 kcal, see Hermann 
(428a) []. If the structure of the dimer is 

O— H ---0 

‘ / % 

H— C C— H 

% X 

O 

the H atoms may jump from one molecule to the other, leading to a configuration 
which differs from the above only by a reflection in the mid-plane. This gives rise 
to what is now usually called hydrogen bonding. On this basis one would expect the 
O — H vibration of the dimer to be greatly different from that of the monomer, while 
the other vibrational frequencies should be only slightly different, in agreement with 
observation. The structure indicated above has indeed been confirmed by electron- 
diffraction data [[Pauling and Brockway (686) and Karle and Brockway (484a) []. 

A somewhat similar case is that of methyl (and ethyl) alcohol. As mentioned in 
Chapter III, p. 334, in the vapor the 0 — H vibration occurs at 3682 cm-S whereas 
in the liquid it occurs at 3400 cm-b That this is not simply a shift of the first type 
is shown by investigation of solutions pf alcohol in various inert solvents [[see for 
example Errera, Gaspart, and Sack (309) []. For certain small concentrations both 
bands occur at low temperature, but at higher temperatures or still greater dilutions 
only (or predominantly) the band at 3682 cm-^ occurs. This indicates very definitely 
that the latter band corresponds to the monomer, whereas the 3400 band corresponds 
to a polymer. Errera, Gaspart, and Sack (309) have even been able to resolve this 
band into two bands, one of which they ascribe to the dimer and the otlier to a 
higher polymer. At any rate it follows that in pure liquid alcohol there are prac- 
tically no single molecules but only associated ones. The same conclusion applies 
also to liquid and solid H 2 O (see above). 

Similar results have also been obtained for HP QBuswell, Maycock, and Rodebush 
(187) [], although it has only been investigated in the gaseous state and in solutions. 
As for HCOOH, at room temperature and not too low pressures, an additional band 
appears (at 3450 .cm”’-): this band is much stronger than the ordinary HF band, 
indicating almost complete association due to hydrogen-bond formation. In very 
dilute solutions in CCI 4 , however, the monomer predominates. Even in liquid HCl 
a secondary band appears close to each of the ordinary vibrational bands [see 
Freymann (336), West (918) []. These secondary bands disappear with increasing 
temperature and in all probability are due to a dimer or polymer, whose concentration 
in this case is very slight and which is probably not due to hydrogen bonding. 

A number of investigations have also been carried out for weak solutions of 
CH3OH, H2O, and others in active” solvents, that is, in solvents whose molecules 
can form hydrogen bonds with the CH3OH, H2O, • • • molecules. This bonding 
results in new bands of the associated molecules different from those observed in the 

In HCOOH the now band is overlapped by the C — H vibration which occurs at the same places 
both in the monomer and dimer. But investigation of HCOOD, where this chance (uhncidcimo 
does not occur, has confirmed that the above interpretation for HCOOH is correct. 
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pure liquids. By comparing the shift of the 0— H band the strength of the hydrogen 
bonds of these associated molecules can be compared; that is, the protori-attrading 
power of the solvents can be compared [see Gordy (390^ Gordy and Stanford (391)]. 
Further spectroscopic work on association, hydrogen bonding, and related topics has 
been carried out by Freymann (337), Thompson (845), Goubeau (395), Kempter 
and Mecke (497), and Gigu5re (360a). 

In a few cases in the Raman spectra of crystals, new Raman lines very close 
(0-50 cm“^) to the exciting line have been found. These lines have to be interpreted 
as due to vibrations of the lattice rather than of the molecule [see, for example, 
Venkateswaran (892)]. In going over to the liquid state these lines disappear in 
general, but in a few cases some indication of them remains, pointing to a quasi- 
crystalline structure of the liquid [see Gross and Vuks (401)]. Lattice vibrations 
in crystals and quasi-crystalline structures of liquids have also been detected by 
means of the electronic spectra of rare-earth ions by Freed and Weissmann (331). 
Further experimental material is necessary before more detailed conclusions can be 
drawn about this subject [compare also the summary by Glockler (364)]. 
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PHYSICAL CONSTANTS AND CONVERSION FACTORS 

The values for the physical constants used in this book are given in the second column of Table 
147. While these values are essentially the new values of Birge, he has recently given slightly 
different values based on a more detailed discussion and on more recent work (154)]. These 

latter values are given in the last column of Table 147. The difference between the two sets is in 
each case within the probable error given by Birge. The values used here are the same as those used 
in Molecular Spectra I and it is mainly for the sake of consistency with the cai-lier book that Birge’s 
more recent values were not used here. In almost all cases thus far investigated the difference 
between the molecular data calculated with the two sets of i:)hysical constants is within the accuracy 
of the spectroscopic data. 

In Table 148 are given the conversion factors of the energy units that follow fronx the physical 
constants adopted here. The values that follow from Birge’s more recent constants are given in 
parentheses. 

The value of the numerical factor ~~ in the equation for the moment of inertia /;j = 

Sttc SA/i 

(see p. 14) using the more recent constants would bo 27.!)Scn X 10“'*" instead of 27.004 X 
used here. The factor in the equation for the force constant /c == iTr'^Af i/hac^w- (see p. 100) 

would be 5.8890 X 10“'^ instead of 5.S804 X 10“^. 


Taulb 147. ■ physical constants. 


Constant 

Value used in this book 

Birgo’s new value 

Electronic charge 

c 

4.8029 Xlir*« C5.S.U. 

4.8025 XIO"*" 

Planck’s constant 

h 

0.()2(5 X 10““^ erg sec 

0.()24 X 10“ 

Velocity of light 

c 

2.99770X10*" cm/sec 

2.99770X10*" 

' Electronic mass (rest mass) 

m 

9.111 XlO-a** gm 

O.IOGOXIO-"** 

iV mass of the O’-® atom 

Ml 

1. GOOD X 10-2* gm 

1.051)92 X1U“2‘ 

Number of molecules in a mole: 



Referred to Aston’s atomic 




weight scale =16) 

Na 

0.0240X10"" 

r).()2'l;4 X 10"" 

Referred to the chemical 




atomic weight scale 


().0224X102" 

0.0228 X 10"" 

Boltzmann’s constant 

k 

1.8807 X10“*" erg/di'gf(H' 

1.880.17X10"*" 

Gas constant per mole 

R 

1.9808 e.als/degre(>/inoIi‘ 

1.98G47 


TaBLW 148. CONVMKSION FA(!T()US FOR KNKIUiY UNITS. 


Unit 


erg/niolcculc ' 

cal/niolo (duun. 

elec iron- volts 
(ahHolute) 

1 cm“’* ! 

1 

1 

1.9S63 X10“*« 
(1.9S5S) 

2.8581 

(2.8575) 

1.2898 X 10“'* 
(1.2895) 

1 erg/moleculo 

5.0844X10*** 

(5.0358) 

1 

1.4889 X 10*" 
(1.4390) 

0.2416X10** 

(6.2421) 

1 

1 cul/mole chpm. 

0.34988 

(0.34996) 

6.9498X10“*** 

(6.9494) 

1 

4.:',878X10 

(■1.3879) 

1 electron-volt 
(absolute) 

8066.0 

(8067.5) 

1.6022 X 10“*" 
(1.60203) 

23053 

(23()52.„) 

1 
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SUBJECT INDEX 


This subject index includes in addition to the usual material of an index also all 
symbols used in the book and all molecules (chemical compounds) discussed or 
mentioned. 

Italicized page numbers refer to more detailed discussions of the subjects than 
ordinary page numbers, or to definitions; boldface page numbers refer to figures. 

The mathematical symbols and symbols for species, point groups, molecular con- 
stants, and so forth, are listed at the beginning of the section devoted to the corre- 
sponding letter. The Greek letters are arranged under the letter with which they 
begin when they are written in English (for example <p, x, xj/ are listed under P and 
in this order) except A when used to indicate a difference in which case it is dis- 
regarded in the alphabeting. Symbols to which a word is joined are arranged under 
the corresponding symbol; for example, R branch is under R, not under Rb; B rota- 
tional levels under B, not under Br. 

All individual molecules (chemical compounds) are listed under their chemical 
formulae considered as words; for example, CHCI3 under Chcl, H2SO4 under Hso. 
If there are several molecules giving the same ‘‘word” they are listed in the order of 
increasing numbers of the first, second, • • • atom; for example, CHCI3, CHaCi, 
C2H2CI4, C2H4CI2 in this order, but C2H4 is ahead of CHCI3 since the corresponding 
“word” is Ch. It should be realized that this order is somewhat different from that 
in the formula index of Chemical Abstracts where the number of atoms has “priority” 
over the alphabet. This change appears to be necessary in a combined formula and 
subject index. Eor the benefit of the hurried reader, for all molecules discussed in 
detail, cross references are given under their chemical names. 

The order of symbols in a chemical formula is the usual one for all organic com- 
pounds, including metal-organic compounds, that is, C comes first, then H, while 
the remaining atoms are in alphabetical order. For inorganic compounds the central 
atom, if any, is put first, then H and then the other atoms in alphabetical order, 
except in the case of acids and H 2 O for which H is put first. Thus we have SiliCla, 
H 2 SO 4 , and so forth, that is substantially the conventional order. Cross references 
are given in all ambiguous cases. 

The alphabeting of subjects has been done first on the basis of the part before the 
comma except in combinations of symbols and words (see above). In alphabeting 
the second part, after the comma, prepositions at the beginning have been dis- 
regarded. 

All material referring to a particular molecule, such as fundamentals, inter- 
nuclear distances, and so on, is given under that molecule. Molecmlar types such 
as linear XY2, pyramidal XY3, should be looked up under XY 2 , XY3, where also 
various items relating to these types may be found. 


A 

a, antisymmetric rotational levels, 15f., 
51f., 373, 380, 399 

a, antisymmetric vibrational levels, 101 
a axis (of least moment of inertia I a), SI, 
56, 462 


a, central force in tetrahedral XY 4 mole- 
cules, 165i., 189 

a, b, coefficients in mixture of eigenfunc- 
tions, 216f., 378, 395 
o>i, a 2 , potential constants for pyramidal 
XYs assuming central forces, Id'Mi. 
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an, a^a, au, au, force constants of non- 
linear XY 2 , leon., IS 6 , 189ff., 230 
o,ij, aih, potential constants for central 
force coordinates, 14^, 145, 149, 153 
a, a', a”, ag, a«, a\, aa, • • - species symbols 
for individual vibrations (see also 
corresponding capital letters), 124^-, 
272 

A modification: 

of C 2 , Civ, Cah, Vh molecules, 469 
of Cav, Cah, ■ * • molecules, 29, 4^5 
of tetrahedral (T^) molecules, ^Of., 453 
A, rotational constant: 

of asymmetric top molecules, 
of symmetric top molecules, 24, 26, 

226f., 400 

determination of, 4^4^', 438, 4A^^' 

A rotational levels: 

of asymmetric top molecules, 62, 462 
of C 2 , Cav and C»h molecules, 53f ., 462^., 
468ff., 475, 477, 479, 481 
of Czv, Cah, ' • • molecules, 27£f-, 406^. 
of molecules with internal rotation, 
492i. 

of tetrahedral {TJ) molecules, SPf., 
449, 450f., 453 

of V and Vh molecules, 54, 462^., 468ff ., 
475, 481 

A, species, symmetric with respect to an 
axis of symmetry, 105 
A, species (characters and numbers of 
vibrations) of point groups; 

Cx and C 2 , 105, 134, 252 
Ca, Ca, Co, 1191., 136, 252 
Da = V, 106, 134, 252 
Sa, 136, 253 
T, 123, 139, 253 

A vibrational levels, over-all species of 
rotational levels : 
of C 2 molecules, 463 
of V molecules, 464 

Ai, Aa modifications of Dah, Dad, • ■ • 
molecules, 29, 4 I 6 

Ax, Aa, rotational constants of parts of 
molecule carrying out internal rota- 
tion, 226, 492i. 

A\, Aa rotational levels of Dah, Dad, • * • 
molecules, 28, 406fi. 
missing levels, alternation of statis- 
tical weights, 411 

Ax, Aa, species (characters and numbers 
of vibrations) of point group: 

Cav, 106, 182^1., 234, 252 


Ai, Aa (Cont.): 

C 3 „ and Da, 109^., 128, 136, 234, 252 
Cav, Da, Dad = V d, Cav, De, llSi., 136f., 
252f. 

C5„, 111, 137, 252 
DAd, 116, 138, 253 
Da, 252 

Td and O, 100, 121i., 139, 235, 253, 259 
Ax, Aa vibrational levels, over-all species 
of rotational levels: 
of Cav molecules, 102, 462, 463, 470, 475 
of Cav molecules, 407, 408 
of Td molecules, 449, 450f. 

A', A", species (characters and numbers 
of vibrations) of point group: 

Cah, 120i., 137, 252 
Ca (= Cxh), 105, 134, 252 
Ax, Ax*, Aa', Aa' species (characters and 
numbers of vibrations) of point 
groups Dah and Dah, 91f., 115^., 138, 
179, 252f., 264 

Ax', Ax", Aa', A a" vibrational levels, 
over-all species of rotational levels, 
in D sTi molecules, 408f. 

A [ 0 ] , rotational constant for lowest vibra- 
tional level, 400 
observed values: 

of symmetric top molecules, 426f. 
of asymmetric top molecules, 488i. 
Ae, rotational constant for equilibrium 
position, 400, 436, 460, 488i. 

A a, Au, species (characters and numbers 
of vibrations) of point group: 

C 2 /., 106, 134, 252 
Cih and Cch, 120i., 137, 253 
Ci = Sa, 105, 134, 252 
So, 119, 136, 253 

Vh = Dah, 1071., 134, 151, 233, 252, 259 
Ag, Au vibrational levels, over-all species 
of rotational levels in: 

C-ih molecules, 463 
Vh molecules, 464, 470, 475 
Axg, Axu, Aao, Aau, species (characters 
and numbers of vibration) of point 
group : 

Dad (- Sav), 115L, 137, 253 
Dxh and Dah, 92f., 117i., 138, 253 
Oh, 1221., 139, 253 

Axg, Axu, Aaa, A 2 « vibrational levels, 
over-all species of rotational levels, 
in Dad molecules, 408f. 

A KJ, intensity factors of symmetric top, 

42 n., 426 
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Aw rotational constant for vibrational 
level Ui, ^2, Vzj *''■) 400, 46’Of-} 466, 
484 

Ai^], effective rotational constants 
for inversion sublevels, 424 

a, angle between X — Y bonds in pyram- 
idal XYs, 164, 175 

a, angle of rotation of displacement vec- 
tors in degenerate vibrations for 
rotation Cp, 8 8&. 

a, half the angle between X — ^Y bonds in 
XY2, 146, 149, 161, ^^Sff. _ 
a, numbers of vibrations contributed by 
a set of nuclei, 232f. 
oc, polarizability, $4^, 261 
a, polarizability tensor,. 248, SSA, 

258, 260, 269f. 

otij oci) * • • oiif rotational constants giving 
decrease of B with ui, vz, * • • in 
linear and spherical top molecules, 
370, 37M., 446 

oci, rotational constants, anharmonic con- 
tributions to, S7S, S.76f., 401, 460f. 
Coriolis contribution to, S7S&., 401, 
460f., 466 _ _ I 

harmonic contribution to, 872, 376 f., 
401, 460f. 

determination from infrared bands, 
391, 393ff. 

formulae for, in terms of potential con- 
stants and internuclear distances, 
376i., 401 ^ 

cti^, oii^, rotational constants giving 
decrease oi A, B, C with Vi in sym- 
metric and asymmetric top mole- 
cules, JfiOi., 434, 436, 460, 466 
observed values for H2O, 

q:4- ol^^, oi?~, rotational constants 
for inversion sub-levels, 41 If. 
cKo^, ao-®, rotational constants, 401 
aj, rotational constant giving depend- 
ence of on Vi, 406 

a\ o:,L cil„. Oil,, spherical part of polari- 
zability, 247L, 271 

all, all, completely anisotropic 
part of polarizability, 247 

matrix element of polarizability, 

269 

matrix elements of spherical 
part of polarizability, 269 
a'^, spherical part of derivative of polari- 
zability, 248 


(Xiik, coefficients of cubic terms of poten- 
tial energy, 204i., 217ff., S76i. 
as, E component of the polarizability, 

24s 

ocxa, ocxy, oixz, ocyv} ’ ’ " compononts of 
polarizability tensor, ^4®£f., 247, 

254I^>, 269'S.. 
species of, 252E. 

«x», ctyy,- a-zz components of polarizability 
tensor referred to principal axes of 
polarizability ellipsoid, 244 

[axj”"*, • ' • 

matrix elements of components of 
polarizability tensor, 254, 258^., 

26911., 441, 443f., 490 
aa, symihetry of vibrational levels of 
Czv molecules, 102, 106 

Raman transitions of tetrahedral 
molecules, 458 

— Ax vibrational transitions of Civ 
molecule, rotational fine structure 
of, 475, 477 

Absolute entropy, including nuclear spin 
contribution, 522 

Absolute intensity of absorption lines, 32 
Absolute statistical weight, 16f. 
Absorption coefficient, 261 
Absorption, intensity in, 261 
Absorption spectrum, infrared, 239^. 

(Chapter III), S70ii. (Chapter IV) 
Accidental degeneracy, 98, 125, 210, 

21 5&. (Chapter II, 5c) 

Accidentally degenerate vibrations, 103 
Accidentally spherical tops, 38, 41f. 
Accidentally symmetric tops, 22, 32, 34, 
54, 401, 414 
JL bands of, 4^8 
Raman bands of, 44^^- 
Acetonitrile, see C2H:iN 
Acetylene, see C2H2 

Active fundamentals in infrared and 
Raman spectra, 23fM., 242&., 249ff., 
258&. 

“Active" solvents, 536 
Activity in infrared and Raman spectra, 
of overtone and combination l>ands, 
251, 261fl. (Chapter III, 2d), 264ff. 
AgC104, silver perchlorate, 336 
AbBro, aluminum bromide, 350 
AhCle, aluminum chloride, 350 
Allene, see C3H4 

Allowed transitions, see Selection rules 
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Alternate missing lines for zero spin of 
identical nuclei, 20, 382 
Alternation of infrared and Baman ac- 
tivity in a progression, S6B, 264 
Alternation of intensities, see Intensity 
alternation 

Alternation of statistical weights on ac- 
count of nuclear spin, £7, 372, 

41 Ot 

Ammonia, see NHs and NDs 
Amplitudes of nuclei in normal vibra- 
tions, 67, 69, 172 
Analysis of infrared bands: 

of asymmetric top molecules, 59, 464^- 
of linear molecules, S90&. 
of spherical top molecules, 4^^^- 
of symmetric top molecules, 

Angles from vibrational frequencies: 
in non-linear XY 2 , 170, 342, 353 
in pyramidal XY3, 155f., 16SL, 175n. 
Angular momentum, 61, 72, 133, 144ff. 
Angular momentum, total, J: 

of asymmetric top molecule, 43f. 

of linear molecule, 16i. 
of symmetric top molecule, 26 

Angular momentum of vibrational mo- 
tion, see Vibrational angular mo- 
mentum 

Angular velocity o, 43 
Anharmonicity constants xa-, 205^. 
of CO 2 , 276 
of HCN, 280 
of H 2 O and D 2 O, 282 
for isotopic molecules, 229i. 
of N 2 O, 278 

Anharmonicity of vibrations, 201^ 
(Chapter 11,5) 
causing: 

activity of overtone and combina- 
tion vibrations, 24 I, 245i., 260, 
266 

removal of accidental degeneracies, 

2 ion. 

splitting of degeneracy of higher vi- 
brational levels, 80f., 104, 125, 

128 , 2 ion. 

effect on: 

difference bands, 268i. 
entropy and free energy, 522i. 
heat capacity and heat content, 515, 

516 

isotope shifts, 228n. 
partition function, 503i. 


Anharmonicity of vibrations (Cont.): 
causing (Cont ) : 

rotational constants cti, 372, S76i. 
electrical, 24 I, 246 
influence: 

for degenerate vibrations, 210n. 
(Chapter II, 5b) 

for non-degenerate vibrations, 20 in. 
(Chapter II, 5a) 

on vibrational energy level diagram 
of H20, 207 

on vibrational levels of linear mole- 
cules,. 211L, 213 

on vibrational levels of pyramidal 
XY 3 molecules, 212, 214 
mechanical, 241, 246 
without influence on rigorous vibra- 
. tional selection rules, 253 
Anharmonic oscillations, 20in. (Chapter 
11,5), 241 

Anharmonic terms in the potential en- 
ergy, 204 i. 

determination from rotational con- 
stants <Xi, 377 

as cause of perturbations (Fermi reso- 
nance), 2i5n. 

Anharmonic vibrational levels, species 
of, 209 

Anisotropy of molecule, 246n., 271 
Anti-Stokes lines, 20 f., 35f., 2 S 0 f., 261 
Antisymmetric normal coordinates, only 
with even powers in potential func- 
tion, 205 

Antisymmetric in the nuclei, rotational 
levels, Un., 20, 51ff., S7;2f., 382 
Antisymmetric vibrational eigenfunc- 
tions, 1011. 

Antisymmetric vibrations, 83, lOlf., 112 
giving depolarized Baman lines, 248 
of non-linear XY 2 , 133f., 148 
Applications, 50 IE. (Chapter V) 
im, symmetry of vibrational levels of C 2 H 
molecules, 102 , 106 
As 4 , arsenic, 164 
AsBrs, arsenic tribromide, 297f. 

AsBrClI, optical isomers of, 224 
AsGls, arsenic trichloride, 164, 177, 224, 
297f. 

AsDs, heavy arsine, 224, 302 
AsFa, arsenic trifluoride, 164, -^77, ^.97f., 
303 

AsHs, arsine, 302 

AsO^ , arsenate ion, 322 
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Assignment of frequencies, use of isotope 
effect for, 228, 233f. 

Associated molecules, vibrational fre- 
quencies of, 334f., 535i. 

Asymmetric rotator, see Asymmetric top 
Asymmetric top, definition and classical 
motion, 13, j^2, 43 f. 

Asymmetric top molecules: 

centrifugal distortion in, 4^f., 58, Jf-Sl, 
485, 488 

Coriolis interaction in, ^6‘^ff., 482 
infrared rotation spectra, 56i., 57, 58f. 
infrared rotation-vibration spectra, 
468^. (Chapter IV,4b) 
analysis of observed bands, 4^4^* 
interaction of vibration and rotation, 
(Chapter IV,4a) 
internuclear distances, 489 
moments of inertia and rotational con- 
stants, 59, 460i., 471f., 477, 
480, 484, 509L 
observed values, 4551. 
perturbations in, 466 li. 

Raman rotation spectra, 591. 

Raman rotation- vibration spectra, 
489^. (Chapter IV,4c) 
rotation and rotation spectra, 4^ff. 
(Chapter 1,4) 

rotational eigenfunctions, 51, 4^^ 
rotational energy levels, 44? 4:5ff., 49ff., 
51 

determination of their position from 
spectrum, 59, 4^5f., 488 
formulae, 44^-, 4^01. 
influence of nuclear spin, 55ff., 

465 

statistical weights of, 53i., 465i. 
sum rules for, 4^f., 52, 59, 461, 465 
symmetry properties of, 60, 5 Iff., 
462, 463, 464ff. 

rotational partition function of, 50GL 
selection rules: 

for rotation spectra, 55i., 59f. 
for rotation vibration spectra, 46 8i., • 
489L 

type A infrared bands, 469^. 
type B infrared bands, 477ff. 
type C infrared bands, 460&. 
types of Raman bands of, 400i. 
Asymptotic expansions for rotational 
partition functions, 505f. 

Atomic heat of formation, 528 
Avogadro number, 538 


Axial point groups, 6, 6ff., 140 
Azomethane, see C 2 H 6 N 2 

B 

b axis (of intermediate moment of in- 
ertia Ib), 51, 56 
b., broad Raman line, 333 
h, central force in tetrahedral XY 4 mole- 
cules, 166i. 

b, Dennison^s potential constant in linear 
XYs, 218 

b, b*, parameters in energy formulae for 
asymmetric top, 47f- 
h, h', b", b„ bu, bi, bi, • • • species symbols 
for individual vibrations (see also 
corresponding capital letters), 1 24^-1 
272 

bij, coefficients in kinetic energy equation, 

7 Si., 14St 

B modification of C 2 , C 2 ,,, C^h molecules, 
469 

B, rotational constant: 

of asymmetric top molecules, 44^- 
determination from B for planar 
molecules, 467 

of linear molecules, I4, 20, 370 

determination from spectrum, S90i., 
392L, 394, 395 

irregularities due to Fermi and 
Coriolis perturbations, ,37 8f. 
of spherical top molecules, 38, 445* 
determination from spectrum, 454f., 

459 

of symmetric top molecules, 24, 20, 
31, 400 

determination from spectrum, 4^4 
B rotational levels of C 2 , C 2 U and Cok 
molecules, 53f., 462ii., 468ff., 475, 
477, 479, 481 

B, species antisymmetric with respect to 
axis of symmetry, 105 
B, species (characters and numl)ers of 
vibrations) of point groui): 

C 2 , 105, 134, 252 
C 4 , 136, 252 
Ce, 119, 136, 252 
S 4 , 136, 253 

B vibrational levels, over-all species of 
rotational levels, of C 2 molecules, 463 
B, average of rotational constants B and 
C, 435, 467 

Bx, B2, Bz modifications of V and Vh 
molecules, 469 
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Bi, B2, Bz rotational levels of Vh mole- 
cules, 54, 468ff,, 475, 481 

Bi, B2, (Bz), species (characters and num- 
bers of vitrations) of point group : 
Cz,,, 106, Ism., 234, 252 

Di, Dzd = Vd, Czv, De, llSl, 136f., 
252f. 

Did, lie, 138, 253 
D 2 = V, 106,^ 134, 252 
Bi, B2, (Bz) vibrational levels, over-all 
species of rotational levels, of Czv 
and Vh molecules, 462, 463, 464, 470 
B[o], rotational constant for lowest vibra- 
tional level, S71L, 400 
observed values: 

for asymmetric top molecules, 4S8i. 
for linear molecules, 293, 2951. 
for symmetric top molecules, 4861. 
for tetrahedral molecules, 456 
Ba, Bh, Be rotational levels of asymmetric 
top molecules, 52, 462 
Bo, rotational constant for equilibrium 
position, 270, 4OO, 436, 446, 456, 460, 
488L 

observed values for linear molecules, 
392, 395L 

Bg, Bu, species (characters and numbers 
of vibrations) of point groups: 

Cu, 106, 134, 252 

Cih and Czh, 120i., 137, 253 

Sg, 119, 136, 253 

Bg, Bu vibrational levels, over-all species 
of rotational levels, 
of C 2/1 molecules, 463 
Big, Bxu, Big, Bzu, (Bza, Bzu) species 
(characters and numbers of vibra- 
tions) of point groups: 

Dih and Dzh, 92f., 1171., 138, 253 
Vh = Dzh, 1071., 134, 151, 233, 252, 259 
Big, Biu, B'Zo, Bzu, Bzg, Bzu vibrational 
levels, over-all species of rotational 
levels, of Vh molecules, 464, 470, 475 
Bi, Bn, Bi^, Bn^, perturbed and unper- 
turbed B values in Fermi resonance, 
378 

BP^, B values of upper states of P, 
R, and Q branches, 394f. 

B[„], ^, 3 ,...) rotational constant for 

vil)rational level vi, 1% Vz • • • , 370, 
400, 4461., 4601., 466, 484 
B[o], B^o], effective rotational constants 
for inversion sublevels, 4ilf., 424 


/3, angle between X — Y bond and C3 axis 
in XY 3 , 155f., 1631., 17511. 

B, angle in orthogonal transformation of 
doubly degenerate normal coordi- 
nates, 9511., 255 

B, magnitude of anisotropy, 2471., 271 
B, numbers of vibrations contributed by 
a set of nuclei, 232f. 

Bi, magnitude of anisotropy of derived 
polarizability, 248 

Bijkh coefiS-cients of quartic terms of po- 
tential energy, 204I., 219 
Bi — AifBz — Ai vibrational transitions 
of Czv molecules, rotational fine 
structure of, 469, 470ff., 481 
Biu - Ag, Bzu — Ag, Bzu — Ag vlbru- 
tional transitions of F/i molecules, 
rotational fine structure of, 469, 
470ff., 475, 477, 481 
Bacteria, 225 

Band envelope, indicating band type, 
388, 48211. 

rough B value from, 391 
Band origin (see also Zero line), 290, 381, 
391, 486, 429, 432 
Band types: 

of asymmetric top molecules, 46911., 

4901. 

from band envelopes, 388, 48211. 
of linear molecules, 380E., 399 
of molecules with internal rotation, 
497E. 

of spherical top molecules, ^'^’^ff-, 4581. 
of symmetric top molecules, 4I6E., 
44111 . 

Barrier height, see Potential barrier and 
Potential hill 

BBi's, boron tribromide, 178, 299, 302f. 
BCI 3 , boron trichloride, 178, 299, 302f., 
509 

Bending force constants, 168, 170, 173, 
183, 192E. 

Bending vibrations, see Bond-bending vi- 
brations 

Benzene, see CgHg and CgDc 
B-F distance, 488 
BF3, boron trifluoride; 

electron diffraction, 298, 438 
force constants, 178, 298 
form of normal vil>rations, 179 
fundamentals, observed infrared and 
Raman spectra, 2981. 
internuclear distance, 488 
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BFa (Cont.) : 

isotope effect, 298 

moments of inertia and rotational con- 
stants, 4^7 

plane symmetrical structure, 298f. 
vibrational angular momentum in, 402 
B2H6, diborane, 350£. 

BsHeNa, triborine-triamine, 368f. 

BH3O3, boric acid, 342 
Bids, bismuth trichloride, 164, 177, 224, 
297t 

Binary combination bands, 261, 288 
Binary combinations: 

of a non-degenerate and a degenerate 
vibration, species of, 126i. 
of non-degenerate vibrations, species 
of, 124, 1^6 

of two different degenerate vibrations, 
species of, 129i. 

B02“, metaborate ion, 287f. 

Boltzmann’s constant (fc), 19, 501, 521, 
538 

Boltzmann factor, 251, 261, 267f., 478 
Bond-bending force constants, 168, 170, 1 
173, 183, 192^. 

Bond-bending frequencies, 194U, 1^^^- ^ ^ 
Bond-bending vibrations, 194'^; 272, 333 
limitations of concept, 199^. 

Bond frequencies, characteristic, I 94 E, 
Bond-stretching force constants, 168, 
170, 173, 183, m^. 

Bond-stretching frequencies, 194^., 1981. 
Bond-stretching vibrations, 194fL., 201, 
272,316 

limitations of concept, iP5ff. 
"‘Borrowing” of intensity in Fermi reso- 
nance, 266, 327, 332 

Bose statistics, 16ff., 28, 372, 409f., 465, 
480 

Branches in bands, see O, P, Q, R, S 
branches 

"‘Breathing” vibration of CeHe, 366 
BrOs“, bromate ion, 302f. 

Broadening of fine structure lines with 
increasing pressure, 53 If. 

Broadness of non-totally symmetric lla- 
man lines, 4^14^ 445f., 491, 532 

C 

c axis (of largest moment of inertia Ic), 
57, 56, 462 

c, velocity of light, 160, 538 


dky coefficients in transformation to nor- 
mal coordinates, 7S1. 
dk, potential constants for symmetry co- 
ordinates, 147U, 155f., 162, 176, 188 
C, rotational constant of asymmetric top 
molecules, 44^- 

determination from S for planar mole- 
cules, 467 

Cl, point group, 5, 11, 105, 508 
C2 forms of C2H4CI2 and similar com- 
pounds, S47ff. 

C2 molecules: 

numbers of vibrations of each species, 

' 1S4, 349 

over-all species of rotational levels, 
462, 463 

rotational selection rules, 442f., 458, 

490 

statistical weights of rotational levels, 
531, 465 

vibrational selection rules for (activ- 
ity), 252, 349 

C2, j)oint group, 5, 6, 11, 462, 508 
species of, 105, 462 

relation to those of other point . 
groups, 237 

Ci, two-fold axis of symmetry, 2 
Ci, two-fold axis, diagonal to other C^, 
perpendicular to C4, C^, • • *, 113f., 
117 

C-/\ two-fold axis coinciding with Ca, Ce, 
113f., 116f., 119ff. 

Cg molecules: 

numbers of vibrations of each spetdes, 
136 

statistical weights of rotational levels, 
27 

symmetry properties (over-all species) 
of rotational levels, 406i., 408 
vibrational selection rules for, 252 
Cg, imint group, 5, 6, 11, 406, 508 

species and characters of, 119i,, 1261, 
129 

Cji, three-fold axis of symmetry, 2 
Cs, Cs\ rotation by 120° and 240° about 
a three-fold axis, 84 
Ca molecules: 

numbers of vibrations of each species, 
136 

vibrational selection rules for, 252 
Ca, point group, 119ff., 1261, 129, 508 
Cs molecules, vibrational selection rules 
for, 252 
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Cr,, point group, 119, 126f., 129 
Cg molecules: 

numbers of vibrations of each species, 
1S6 \ 

vibrational selection rules for, 

Ce, point group, 119E,, 126f., 129, 508 
Coo, infinite axis of symmetry, Si. 

Coo, point group, species and characters 
of, 119 

Cto, rotation by angle <p about Coo, 83, 
84, 87, 112 

C[o], rotational constants of asymmetric 
top molecules, observed values, 4^8f. 
Ca®, Cz^, Ci^ symmetry operations of 
momental ellipsoid of asymmetric 
top, 51, SQ 

Ce, rotational constant for equilibrium 
position of asymmetric top mole- 
cules, J,60, 488L I 

Cxh, see Cs 
Cih molecules: 

numbers of vibrations of each species, 
124, 349 

over-all species of rotational levels, 
462, 463 

rotational selection rules, 442f., ^^?iSf., 
490 

statistical weights of rotational levels, 
53i. 

vibi’ational selection rules for (ac- 
tivity), 252, 349 
C^h, point group, 6f., 11, 508 

relation of species to those of other 
point groups, 2S7, S29, 358 

species and characters of, 106, 114, 126 
Czh molecules: 

numbers of vibrations of each species, 
1S7 

over-all species of rotational levels, 
406i., 408 

vibrational selection rules for, 252 
Czh, point group, 6, 8, 11, 358, 508 

species and characters of, 1201., 12(>f., 
129 ' 

Cih molecules: 

numbers of vibrations of each species, 
127 

vibrational selection rules for, 252 
Cih, point group, 5, 120i., 126f., 129, 508 
Cs/i molecules, vibrational selection rules 
for, 253 

Cf,h, point group, 121, 126f., 129 


Cu molecules: 

numbers of vibrations of each species, 
137 

vibrational selection rules for, 252 
C^h, point group, 120i., 126f., 129, 508 
Ci molecules: 

numbers of vibrations of each species, 
124 

rotational selection rules for, 490 
vibrational selection rules for, 252 
Ci(s S 2 ) point group, 5, 6, 11, 508 
species of, 105 

relation to those of Czh, Dza., "Dgk, 
237 

Cjp, molal heat capacity of real gas, 517 . 
Cp, p-fold axis of symmetry, ^f. 

Cp, point groups, ’^5, 119&. 

Cp^, molal iieat capacity at constant pres- 
sure, 512i., 517 

C'p.i.i.r., contribution of free internal ro- 
’ tation to heat capacity, 517 
Cp/i, point groups, 7f., 34, 

C'p.int, inolal heat capacity due to inter- 
nal degrees of freedom, 613 

contribution of (hindered) inter- 
nal rotation to heat capacity, 51 8f. 
C%r, rotational heat capacity, 513, 514, 
517 

C%„, vibrational heat capacity, 613^., 517 
Cp% Cp\ Cp>’, heat capacities of solid, 
liquid and gas, 523f. 

Cpv, point groups, <^>ff., 116 
C« molecules : 

numbers of vibrations of each species, 
134 

rotational selection rules for, 490 
vibrational selection rules for, 252 

Civ), point group, 7, 11, 443, 508 
species of, 105 

relation to those' of other point 
gi’oups, 237 

rotational constant for 'vibrational 
level vi, vt, vz, ■ • • , 4^0i., 466, 484 
Cx.„{~ C„), point group, see also Ca, 7, 11 
Czv molecules: 

intensity alternation in fine structure 
of infrared bands, 4'1^^-t 482 

numbers of vibrations of the different 
species, lS2fi., 349, 361 
ortho and para modifications, 53f., 
468i. 

rotational selection rules, 441L, 408f. 
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C 2 V molecules (Cent.): 
symmetry properties (over-all species) 
of rotational levels, 5M., 4^2, 463, 
465 

types of Coriolis perturbations, 4^6 
types of infrared bands, ^6^, 470ff., 
475, 477, 480, 481 

vibrational selection rules for (activ- 
ity), 252, 259, 349, 351, 353, 361 
Civ, point group, 6f., 11, 508 
species and characters of, 106, 114, 126 
relation of species to those of other 
point groups, 234, 236^., 329 
Cs-u molecules: 

A and E modifications of, 41 6 
difference bands involving degenerate 
vibrations, 268i. ' 

intensity alternation in infrared bands, 
418, 432f. 

with inversion doubling, 412f., 422, 
423f. 

number of vibrations of each species, 

1351., 139 

rotational partition function, sym- 
metry number, 507i. 
rotational selection rules, 29, 34, 414^'i 
441, 444 

statistical weight of rotational levels, 
27L, 409L 

symmetry properties (over-all species) 
of rotational levels, 406i., 408f. 
types of Coriolis perturbations, 414 
types of infrared and Raman bands, 

416^., 44IE. 

vibrational selection rules for, 252 
Czv, point group, 6f ., 1 1, 406, 508 
relation of species to those of Ta, C«, 
236 ^. 

rotational subgroup of, 406 

species and characters for, 114, 

1256., 128fif. 

Civ molecules: 

numbers of vibrations of each species, 

ise 

selection rules for, 252, 441, 443 
Civ, point group, 7, 11, 112&., 126f., 129, 
508 

Cbd molecules: 

numbers of vibrations of each species, 
137 

selection rules for, 252, 443 
Cwv, point group, 7, 111, 126f., 129 


C(&v molecules: 

numbers of vibrations of each species, 
137 

selection rules for (activity), 252, 363, 
443 

C^v, point group, 7, 11, 508 

relation of species to those of £>6;*, 237, 
363 

species and characters of, II 4 , 12Gf., 
129 

C’jv, point group. 111 

C^v, point group, 116, 126f., 129 

Coo„ molecules: 

internal partition functions, 509 
numbers of vibrations of each species, 
137 

rotational selection rules, 19i., 3791,, 
398f. 

symmetry properties of rotational 
levels, 15, 372, 373 

types of infrared and Raman bands, 
380E., 399 

vibrational selection rules for, 252 
Coor, point group, 7, 11, 13, 508 

species and characters of, llli., 125ff,, 

128f. 

X, angle of internal rotation, 225f. 

X, anharmonic term in vibrational (ng(ni- 
function, 209 

X, character of species for a given sym- 
metry operation, lOSU., 12 If. 

X, Eulerian angle, 26, 406 

characters of sjXMaes C, 
D, • • • , for operation k, 130, 236 
cal/mole chem., 538 
Carbon dioxide, see CO 2 
Carbon disulfide, see CSa 
. Carbon suboxide, sec C 3 O 2 
Carbon tetrachloride, s(m^ ( XJU 
Cartesian coordinates, solution of scuuilur 
equation in, LjOiU 
C— Br bond: 

force constant, 193 
distance, 439 
frequencies, 195 

CBr 4 , carbon tetrabromide, 167, 182, 322 
C 2 Br 4 , tetrabromoethylene, 336 
C 2 Br 6 , hexabromoethane, 350 
CBrClg, CBraCls, CBrCls, 322 
C 2 Br 2 ClF 3 , (CFaBr— -CFClBr), 350 
CBrDg, heavy methyl bromide (see also 
CHaBr), 

CBraD, heavy bromoform, 322 
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CBr 2 F 2 , dibromo-difluoromethane, 322 
C 2 Br 2 F 4 , dibromo-tetrafluoroethane, 350 
CBrN, cyanogen bromide, 1 74, 192, 287 
CBr3]Sr02, tribromonitromethane, 342 
C — C, C=C, C=C bonds, force con- 
stants, 19S&., 324, 341, 357 
C — C distance, 324, 440 
C— C distance, ^5.9 
C=C distance, 3971, 440 
C — C, C=C, CsC frequencies, 195t., 
304, 324ff., 328, 332f. 

C — C radical, 193 j 

C — C stretching vibration, 198, 343, 345, 
355, 357, 360ff. 

C==C stretching vibration, SSSf., 339f., 
355 

C=C stretching vibration, 196, 199, 288, 
323, 357 

C — Cl bond, force constant, 193 
C — Cl distance, 439 
C — Cl frequencies, 195, 228, 317, 332 
C — Cl radical, 193, 310 
CCI 2 group, vibrations characteristic of, 
318 

CCI 4 , carbon tetrachloride: 

Fermi resonance in, 310, 312 
force constants, 157, 167, 182 
fundamentals, 157, 310i., 319 
isotope effect, 310 

observed infrared and Raman spec- 
trum, 2S0f., 261, 310ff. 
symmetrical tetrahedral structure, 38, 
SlOf. 

C2CI4, tetrachloroethylene: 

correlation of normal vibrations to 
those of C 2 H 2 CI 2 , 329L,SS2 
force constants, I84, 186, 329 
observed infrared and Raman spectra, 
328i. 

point group is Vh, 328 
C 2 CI 6 , hexachloroethane, 350f. 

CeCle, hexachlorobenzene, 157, 368 
CCID3, heavy methylchloride (see also 
CII3CI), 51 /fff. 

CCI3D, heavy chloroform, SIOL, 320 
C2CI2 D2, heavy dichloroethylene, 329, 332 
C0CI4D2, heavy tetrachloroethane, 348 
CCIF3, CCI2F2, CCI3F, 320, 322 
C2CI2F2, dichloro-difluoromethane, 336 
C2CI2F4, C2CI3F3, C2CI4I2, 350 
CCIN, cyanogen chloride, 174, 192, 287 
form of normal vibrations, 174 
C2CI3N, trichloromethylcyanicle, 336 


CCI3NO2, trichloronitromethane, 342 
CCI 2 O, phosgene, 179, 302 
C 2 CI 2 O 2 , oxalylchloride, 336 
C 2 Cl 302 “, trichlorpacetate ion, 342 
CCI2S, thiophosgene, 302 
C — D distance in CD 4 , 456 
C— D vibration, 197, 291, 301, 306, 367 
CD 4 , heavy methane: 

Fermi resonance in, 307 
force constants, 167, 182 
fundamentals, S06f., 309 
infrared inactive vibration v^, 307 
internuclear distance, moment of in- 
ertia and rotational constant, 4^0 
isotope effect, 2S5&., 307 
observed infrared and Raman spectra, 
5C»6'ff. 

thermal distribution of rotational 
levels, 40f. 

zero-order frequencies, 307 
C 2 D 2 , heavy acetylene: 
force constants, 180, 189 
fundamentals, 291, 293 
isotope effect, 291 

observed infrared and Raman spectra, 
289, 291, 293 

statistical weights of rotational levels, 
intensity alternation, 16, 18, 382 
C2D4, heavy ethylene (see also C2H4) : 
force constants, 184, 186, 328 
fundamentals, S25E. 
internuclear distances, 4^0 
isotope effect, 233i., 327 
moments of inertia and rotational con- 
stants, 4871. 

observed infrared and Raman spectra, 
325n. 

statistical weights of rotational levels, 
intensity alternation, ^^-f* 

C 2 D 6 , heavy ethane (see also C 2 H 6 ), S43&. 
Fermi resonance in, 345 
fundamentals of, S4«?ff- 
observed infrared and Raman bands, 
344f. 

CeDft, imavy benzene (see also CcHo), 
36‘2fi. 

absence of Fermi resonance in, 3661. 
fundamentals, 363&. 
with heavy carbon isotope C^*, 368f* 
inactive fundamentals, S67i. 
isotope effect, 367 

observed infrared and Raman spectra, 
Sb'^ff., 368 
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CdBr4 , complex ion, 322 
CDN, heavy hydrogen cyanide; 
fundamentals of, S80 
rotational constant B[o] and moment of 
inertia 7[o], S96 

CDeNs"’", heavy guanidinium ion, 360 
CD3NO2, heavy nitromethane, 342 
CD2O, heavy formaldehyde: 
calculation of frequencies, 301 
Coriolis interaction in, 467f., 481 
observed infrared spectrum, 800i, 
CD4O, heavy methanol, 335 
CD2O2, heavy formic acid, 323 
C2D4O,. heavy acetaldehyde, 342 
GdBr2, CdCl2, Cdl2, cadmium bromide, 
chloride and iodide, 287 
Center of mass, at rest in normal vibra- 
tions, 144f. 

Center of symmetry, 2 

effect on spectrum, 288 
Central forces, assumption of, for the 
calculation of vibrational frequencies 
and force constants, lS9fi. (Chapter 
II, 4c) 

check on consistency, 160i., 230 
linear triatomic molecules, 16 li. 
plane more-than-triatomic molecules, 
162 

non-linear XY2 molecules, 160f. 
for pyramidal XYg molecules, 162fi. 
tetrahedral X 4 , 164 '^. 
tetrahedral XY 4 molecules, 16S&. 
Central force coordinates, 142f., 149 
Central force system, see Central forces, 
assumption of 
Centrifugal distortion: 

effect on heat capacity, 514 
effect on rotational partition function, 
507 

influence : 

for asymmetric top molecules, ^-^f., 
58, 461, 485, 488 
for linear molecules, 14f>, 371 
for spherical top molecules, 38, 447, 
452 

for symmetric top molecules, 26‘, 31, 
S5L, 400, 418, 434 
Centrifugal force, S7Sf. 

Centrifugal stretching, see Centrifugal 
distortion 

C — F bond, force constant, 1.93 
C- — F distance, 439 
C — F frequencies, 195 


CF4, carbon tetrafluoride, 167, 182, 322 
C— H bending vibrations, 194fi., 279, 
288, 355, 363 
C — H bond: 

dipole moment of, 239, 265 
force constants of, 1921., 196, 440 
C — H distance, 397i., 469, 4651. 

variation in different molecules, 440 
C — H frequencies, see C — H stretching 
and bending vibrations 
C — H radical, 193 

C — H stretching vibrations, 194^., 279, 
288, 291, 306, 315; 317, 319, 321, 
323, 325f.; 332f., 337, 340, 343, 345, 
351ff., 355, 357f., 363, 367, 440 
CH2 bending vibrations, 341, 351f. 

CH2 deformation vibrations, 1941., 326f., 
340, 351f., 355, 360f. 

CH2 group: 

force constants of, 161, 170, 1911. 
vibrations characteristic of, 161, 1941., 
197, 3181., 340 

CH2 rocking vibrations, 318f., 341, 351f., 
355, 360ff. 

CH2 twisting vibrations, 341f., 351f., 
360f. 

CH3 deformation vibrations, 1941., 333, 
339, 343, 345, 353ff., 357, 360f. 

CHs group: 

internal vibrations of, 194-1. , 197, 334, 
343, 355, 360f. 
moment of inertia, 512, 525 
CH3 rocking vibrations, 333, 343, 35311., 
357f., 360ff. 

CHs twisting vibration, 343, 35311., 357f., 
360f. 

CH4, methane: 

absence of rotational infrared and Ea- 
man spectrum, 4II. 

bands in atmospheres of giant planets, 
307f. 

Fermi resonance in, 307 
fine structure of infrared bamds, 454f., 
456, 457 

fine structure of Raina ji baud v-a, 459 
force constants, 107, 182 
form of normal vibrations, 100 
fundamentals, 3061., 309, 315, 319, 454, 
456 

change in liquid and solid state, 535 
heat capacity of, 5161. 
internuclear distances, 439, 456 
isotope effect, 23511., 307, 3091. 
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CH4 (Cont.): 

moment of inertia and rotational con- 
stant, 437, 465L, JfS9, 512 
numbers of vibrations of each species, 
121f., lAO, 306 

observed infrared and Raman spectra, 
306n. 

overtone and combination bands, S(97f 
455n. 

partition functions of, 6 O 4 , 507i. 
perturbations in, 308, 4^2i., 465^. 
photographic infrared bands, S07i., 457 
polarizability ellipsoid, 244, 246, 248 
potential constants, 310 
statistical weights of rotational levels, 
39, 46i 

structure of bands in liquid state, SSI 
sub-bands of overtone and combina- 
tion bands, 308i. 

symmetry properties of rotational 
levels, 39f., 449ff. 

tetrahedral, Td, symmetry, 9, 10, 38, 
42 , 306 

thermal distribution of rotational 
levels, 40f. 

values of vz and ^4, 455 
zero-order frequencies, 307 
C2H2, acetylene: 

bond-stretching and bending vibra- 
tions, 196i. 

fine structure of (photographic) infra- 
red bands, 385, 387, 388, 390 
force constants, 157, 180, 189, 192, 306, 
339 

form of normal vibrations, 181, 292 
fundamentals, 240, 288ft'., 388 
change in litpiid state, 535 
heat capacity, 617 

influence of anharmonicity for degener- 
ate vibrations, 212, 213 
intensity alternation, 382, 385, 387, 388 
internuclear distances, 397 i. 
isotope effect, 280, 291 
isotopic exchange reaction with C2IO2, 
528 

linear symmetrical structure, 21, 288f., 
384 

Z-type doubling, 379, 390 
observed infrared and Raman spectra, 
^88ff. 

overtone and combination bands, 267, 
288^., 385, 390 

perturbations in, 219, 289, 379 


C2H2 (Cont.): 

photographic infrared bands, 288, 
290L, 385 

rotational constants and moments of 
inertia, 21, 396, 397 
rotational Raman spectrum, 21 
statistical weights of rotational levels, 
16, 18, 372,382 
C2H4, ethylene: 

activity of fundamentals, 240, 243, 325 
Coriolis interaction in, 467 
equilibrium with H2 and C2H6, 630 
Fermi resonance, 327 
fine structure of infrared bands, 435, 
469^., 474, 479, 481t, 483 
force constants, 157, I84, 186, 191f., 
328 

four non-combining modifications, 56, 
469 

free energy, 530 
fundamentals, 325^. 

change in liquid state, 535 
geometrical structure, 8, 326 
heat capacity, 517 
identical potential minima, 220 
intensity alternation, 477, 480, 482 
internuclear distances, 469 
isotope effect, 233i., 326f. 
moments of inertia and rotational con- 
stants, 60, 233, 467L 
normal vibrations: 

form, numbering, and species of, 
107, 325f. 

correlation to those of C2H2CI2, 
329L, 332 

observed infrared and Raman spectra, 

325 n. 

over-all species of rotational levels, 4^2 
overtone and combination bands, 328 
j)otential energy and energy levels for 
torsional oscillation, 225ff. 
correlation to free rotation, 494, 495 
rotational partition function, 607 
rotational Raman sx)ectrum, 60 
statistical weights of rotational levels, 
64f., 465i. 

stretching and bending vibrations, 197, 
326 ^. 

torsional frequency, 227, 328, 332, 491 
o(.^currence in infrared absorption on 
account of Coriolis interaction, 
328, 458, 467 
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C 2 H 6 , ethane: 

absence of free internal rotation, 

407 , BI8U 5S0 

activity of normal vibrations, S45 
entropy, SJ^3, 5U, 525f. 
equilibrium with C 2 H 4 + Ha, SSO 
Fermi resonance, 345 
force constants, potential function, 
157, 185, 191f., 339, 346 
free energy, 530 
fundamentals, 

change in liquid and solid state, ooo 
geometrical structure, point group, 6, 

8, 343^., 351 
heat capacity, 343, 519i. 
identical potential minima, 220 
internuclear distances, 44C 
moments of inertia and rotational con- 
stants, 457 , 512 
normal vibrations: 

designation, species, activity, 343 
form of, 115 

observed infrared and Raman bands, 

S44f- 

potential barrier opposing free rota- 
tion, 221, S43i., Sm., 630 
potential energy and energy levels. for 
torsional oscillation, 225ff., 343 
correlation to free rotation, 495 
rotational energy levels: 

effect of internal rotation on, 493f., 

495 . . 

symmetry properties and statisti(!al 

weights, 406, 411 

rotational partition function, 51 Of. 
torsional frequency, 227, 348f-, 491 
C 3 H 4 , allene: 

force constants, potential function, 
191, 340 

fundamentals, SS9f. 

geometrical structure, point groiq) 
(Fd), 6 , 8 , 339 

observed infrared and Raman spectia, 
3S9f. 

stretching and bending vibrations, 197, 
304, 340 

C 3 H 4 , methyl acetylene: 

Fermi resonance, 339 
fine structure of photographic infrared 
band, 4IO, 420f. 

force constants, potential function, 
185, 194, 339 


C 3 H 4 (Cont.): 

fundamentals, 3S7&. 

change in liquid state, 535 
geometrical structure, linear arrange- 
ment of C — C^C — H chain, 337 
heat capacity, 517 
internuclear distances, 440 
moments of inertia and rotational con- 
stants, 437 

observed infrared and Raman bands, 
267, S37ff. 

CaHe, cyclo-propane: 

force constants, potential function, 
172, 191, 353 
fundamentals, 35 Iff. 
geometrical structure, S52f., 440 
heat capacity, 517 
internuclear distances, 440 
moments of inertia and rotational con- 
stants, 437 

normal vibrations, designation, species, 
activity, relation to C 2 H 4 O, 351 f. 
observed infi'ared and Raman spectra, 

I S52L 

ovei'tone bands, 264, 3o2 
rotational levels, symmetry properties 
and statistical weights, 406, 411 
CsHc, propylene: 

force constants, potential function, 
191, 354 

fundamentals, 35 4f- 

observed infrared and Raman spectra, 

354f- 

potential barrier opiiosing free rota- 
tion, 355, 520 
CsHb, propane: 

fundamentals, S60ff. 
geometrical structure, 359ff. 
normal vibrations, designation, species, 
and activity, 360f. 

ol^sei'ved infrared and Raman siieidra, 

self. 

potential barrier hindering internal ro- 
tation, 359, 520 

rotational partition function, 511 
C 4 H 2 , diacetylene: 

force constants, potential function, 
185, 191f., 324 

form of normal vibrations, 324 
fundamentals and other observed infra- 
red and Raman bands, 328 ff. 
a linear molecule, 32Si. 
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C4H2 (Cont.): 

statistical weights of rotational levels, 
18 • 
stretching and bending vibrations, 
199, 323f. 

C 4 H 4 , vinyl acetylene, 350 
C 4 H 6 , butadiene, 360 
C 4 H 6 , dimethyl acetylene: 

entropy, contribution of internal rota- 
tion, 52^, 525f. 

Fermi resonance, 357 
force constants, potential function, 
185, 194, 357 

free internal rotation, SB6, 491f., 494, 
497, 518, 520 
fundamentals, 3571. 
geometrical structure, 356 
heat capacity, 517i. 
normal vibrations, designation, species, 
and activity, 356i. 

observed infrared and Raman spectra, 
S57L 

rotational partition function, 510i. 
C4H6, ethyl acetylene, 3(50 
C4H8, butene -1 and -2, 368, 520 
C 4 H 8 , cyclobutane, 368 
C 4 H 8 , 2-methyl propene-1, 520 
C4H10, isobutane, 303, 511, 520 
C4H10, n-butane, 520 
CbHo, cyclopentadiene, 362 
CbHxo, cyclo-pentane, 346 
C 6 H 12 , iso-pentane, 520 
C 6 H 12 , tetramethyl-methane: 
geometrical structure, 9, 10 
number and activity of vibrations, 140 
potential barrier hindering internal ro- 
tation, 520 

rotational partition function, 511 
valence forces in, 185, 323 
CbHi 2 , n-pentane, 520 
CeHe, benzene, coincidences of infrared 
and Raman frequencies, 366 
Fermi resonance, 3661, 
fine structure of infrared bands, 365, 
433, 532 

force constants, potential function, 
157, 191, 367f. 
fundamentals, 3631^. 

change in liquid and solid state, 535 
point group of, geometrical structure^ 
5, 6 , 9, S62n., 367 
inactive fundamentals, 3671. 
isotope effect, 56’7ff. 


CeHc (Cont.): 

normal vibrations, form, designation, 
species, and activity, 118, 36 Si. 
observed infrared and Raman spectra, 
S6Ji.n. 

overtone and combination bands, 364f., 
368 

partly deuterated, 369 
species of higher vibrational levels, 1 30 
statistical weights and species of rota- 
tional levels, 411 
C 6 H 12 , cyclohexane, 369 
C 7 H 8 , toluene, 157, 235, 511 
CsHio, 0 -, m-, p-xylene, 235, 520 
C 8 H 12 , tetramethylethylene, 335 
C 9 H 12 , mesitylene, 235 
C 12 H 10 , biphenyl, 511 
C 3 H 9 A.I, trimethylaluminum, 303 
Characters, (see also individual point 
groups), lOSii. 

of non-degenerate and doubly degener- 
ate species, 109^. 
of triply degenerate species, 12 li. 
of resultant species from component 
species, 124^., 236 

for various symmetry operations, 1 0.9ff . 
Characteristic bond (group) frequencies, 
jf,9^ff. 

conditions for occurrence, 195il., 198i. 
limitations of concept, 200i., 316 
splitting in molecules with several 
equivalent groups, 196i., 199 
of X 2 CO as function of mass, 200 f. 
C 3 H 9 A 8 , trimethylarsine, 303 
CHBra, bromoform, 320, 322 
CH 2 Br 2 , dibromomethane, 322 
CHsBr, methylbromide: 

fine structure of infrared bands, 429, 
430, 431f. 
fundamentals, 315 
internuclear distances, 4S9i. 
moments of inertia and rotational con- 
stants, 4<55‘ff. 

observed infrared and Raman spectra, 
314 , 3l5f. 

C 2 H 2 Br 2 , cis, trams dibromoethylene, 336 
C 2 H 2 Br 4 , tetrabromoethane, 350 
C 2 H 3 Br, bromoethylene, 336 
C2H3Br3, C2H4Br2, C 2 HBBr, 350 
('.'{ItsBr, metliyl-bromoacetylene, 342 
C 3 lIflBr 2 , CsHtBi-, and other halopro- 
panes, 362 

CdH^Br, ethyl-bromoacetylene, 360 
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CeHsBrs, C6H4Br2, polybromobenzenes, 
368 

CeHsBr, bromobenzene, 157, 368 
CHBrCl2, bromo-dichloro-methane, 
250f., 

CHBr2Cl, chloro-dibromomethane, S20t. 
CH2BrCl, bromochloromethane, 322 
C2H2BrCl, bromo-ch.loroethylene, 220 
C2H2Br2Cl2, dibromo-dichloroethane, 5, 6 
C2H4BrCl, bromo-chloroethane, 350 
CeHsBrCb, bromo-dichloro-benzene and 
other trihalobenzenes, 368 
CHBrClF, bromo-chloro-fluoromethane, 
322 

C2H3BrClF, bromo-chloro-fluoroethane, 
350 

C2H4BrD, ethyl bromide-di, 350 
CHBrF2, CHBr2F, bromo-fluorometh- 
anes, 322 

CH2BrI, bromo-iodomethane, 322 
C2H3BrO, acetyl bromide, 342 
CsHsBrO, propionyl bromide, 360 
CHCl group, vibrational frequencies of, 
8S2 

CHCls, chloroform: 

fundamentals, S16i., 319, 320 
change in liquid state, 535 
isotope effect, 2S4i., 317 
observed infrared and Raman spectra, 

SieL 

polarization in Raman spectrum of, 
270, 317 

statistical weights of rotational levels, 
411 

CH2GI2, methylene chloride: 
form of normal vibrations, 318 
fundamentals, S17i., 319f. 

correlation to those of CH4, CH3CI, 

, CHCI3, CCI4, 319 
geometrical structure, 6f., 317f. 
observed infrared and Raman spectra, 

sirn. 

statistical weights of rotational levels, 
53 

CH3CI, methyl chloride: 

A and E (ortho a.nd para) modifica- 
tions, 41 s 
li and ± bands, 
entropy, 523 f. 

Fermi resonance, 312, 314 
form of normal vibrations, 314 
fundamentals, 31 2f., 315, 319 
change in liquid state, 535 


CH3CI (Cont.): 

geometrical structure, 6f., 22, 312 
■ internuclear distances and angles, 4’30f. 
isotope effect, 228, 234^-, 312, 314-^ 
moments of inertia and rotational con- 
stants, 437i. 

observed infrared and Raman spectra, 
312 ^. 

rotational partition function, 507 
stretching and bending vibrations, 197, 
333 

thermal distribution of rotational 
levels, 30 

C2HCI3, trichloro-ethylene, 336 
C2HCI6, pentachloro-ethane, 350 
C2H2CI2, cis and trans dichloro-ethylene: 
fundamentals, 329i. 
normal vibrations: 

correlation to those of Vh (C2H4 and 
C2CI4), 329t, 332 
form of, 33 If. 

number, species, and activity, 329f. 
observed infrared and Raman specjtrji, 
32M. 

point group of, 32,9f., 346 
statistical weights of rotational Iev<d8 
53 

C2H2CI4, l,l,2,2-tetrachloro-ethaiU5 : 
electron diffraction, 350f. 
fundamentals, 34<9{. 

Raman spectrum, 
rotational isomers of, 346‘fT. 
trans form most stable, 350f. 

C2H3CI, monochloro-ethylene, 336 
C2H3CI3, 1,1,1-trichloro-ethane, torsion 
oscillation. 111, 125, 350, 520 
C2H4 CI2, 1 ,2-di c hloro-e th a, n e : 
electron diffraction and dipole mo- 
ment, 349 
fundamentals, 349f. 

observed infrared and Raman Hix'ctra, 
348ff. 

potential energy as a fuiKition cjf angle 
of twist, 347 

rotational isomers of, 220, 340 , 3471T. 
trans form more stable than C2 form, 
349 , 351 

C2H4CI2, 1,1-dichloroethane, 350 
C2H6CI, chloro-ethane, 175, 350 
C3H3CI, methyl-chloroacetylciue, 342 
C3H7CI, propylchloride, 362 
CeHCls, pentachlorobenzene, 157, 368 
C6H2CI4, tetrachlorobonzenes, 157, 368 



SUBJECT INDEX 


583 


CsHsCl;}, 1,3,5-triclilorobenzene, 6, 8, 

157, 368 

C 6 H 4 CI 2 , dichlorobenzenes, 157, 261, 271, 
368 

CeHsCl, chlorobenzene, 157, 368 
C 2 H 4 ClBr, l-chloro-2-bromoethane, 185 
C 6 H 2 Cl 2 Br 2 , dichloro-dibromobenzene, 
6 f. 

CHCIF 2 , difiuoro-chloromethane, 322 
CHCI 2 F, dichloro-fluoromethane, 320, 
322 

CH 2 CIF, chloro-fluoromethane, 320, 322 
C 2 HCIF 4 , tetrafluoro-chloroethane, 350 
C 2 HCI 2 F 3 , trifluoro-dichloroethane, 350f. 
C 2 HCI 4 F, tetrachloro-fluoroethane, 350 
C 6 H 4 CIF, fluorochlorobenzene and other 
dihalogenated benzenes, 368 
CH 2 CII, chloro-iodomethane, 322 
C 2 H 4 CII, chloro-iodoethane, 350 
C 2 HCI 2 N, C 2 H 2 CIN, di- and mono-chloro- 
acetonitrile, 336 

C2H2CI3NO, trichloroacetamide, 356 
C2HCI3O2, C2H2CI2O2, tri" and di-chloro 
acetic acid, 350 
C2H3CIO, acetyl chloride, 342 
C2H3CI3O2, chloral hydrate, 360 
C 2 H 6 CIO, ethylene chlorohydrin, 356 
CsHsClO, propionyl chloride, 360 
CHD3, methane-ds, 238, S09L 
CH 2 D 2 , methylene deuteride, 53, 238, 
S09L 

CH3D, methyl deuteride: 
fundamentals, 309i., 320 
internuclear distances, 
isotope effect, 238 

moments of inex'tia and rotational con- 
stants, 431^' 

observed infrared and Raman spec- 
trum, S09i. 

C2HD, acetylene-di: 

C— H and C—D vibration in, 197, 391, 
292 

fine structure of photographic infrared 
band, 386 

form of normal vibrations, 292 
fundamentals, 289, 29 li. 
isotope effect, 289 

observed infrared and Raman spectra, 
289, 291t, 386 

overtone and combination bands, 289, 
292 

rotational constants and moments of 
inertia, 396, 397 


C 2 HD 3 , ethylene-ds, 328 
C 2 H 2 D 2 , ethylene-d 2 , 53, 221, 328 
C 2 H 3 D, ethylene-di, 328 
CH 3 D 2 N, methylamine-d 2 , 342 
CH 3 II 3 N+, methylammonium-ds ion, 350 
CHDO 2 , deutero formic acid (see also 
CH 2 O 2 ), S21i., 536 

CHD 3 O, CH 2 D 2 O, methanol-da and -d^, 
335 

CH 3 DO, methanol-di, 3S4f. 

Chemical analysis, use of infrared and 
Raman spectra for, 501 
Chemical equilibria, calculation from 
spectroscopic data, S26E. 

CHF 3 , fiuoroform, 322 

CH 2 F 2 , methylene fluoride, 53, 322, 466 

CH3F, methyl fluoride: 

fine structure of fundamental vz, 419, 
421 

fundamentals,. 315, 320, 419 
internuclear distances and angles, 4S9i. 
moments of inertia and rotational con- 
stants, 4^7i. 

observed infrared spectra, 314, 31Sf., 
419 

C 2 H 2 F 2 , difluoroethylene, 53 
C 2 H 3 F 3 , 1,1,1-trifluoroethane, 350, 520 
CeHsF, fluorobenzene, 368 
CaHeHg, dimethylmercury, 356 
CHI 3 , iodoform, 322 
CH 2 I 2 , methylene iodide, 322 
CH 3 I, methyl iodide: 
f undamentals, 315 

internuclear distances and angles, 4^8i. 
moments of inertia and rotational con- 
stants, 487i. 

observed infrared and Raman spectra, 
81 4, 315f., 430 

C 2 H 2 I 2 , C 2 H 3 I, iodoethylenes, 336 
C 2 H 4 I 2 , di-iodo-othane, 350 
C 2 H 5 I, ethyl iodide, 231, 350 
C 3 H 3 I, methyl-iodoacetylene, 342 
CsHoIz, 2 , 2 -diiodopropane, 362 
C 3 H 7 I, propyl iodide, 362 
C 4 Hr>I, etliyl-iodoacetylene, 360 
CbIIsI, iodobenzene, 157, 368 
Chloroform, see CHC 1 » and CDCI 3 
CHN, hydrogen cyanide: 

A 2 I’ values, 392 

fine structure of infrared bands, 383, 
387, 388, 392 
force constants, 174, 1^2 
form of normal vibrations, 174, 239, 279 
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CHN (Cont.): 
fundamentals, 279 

change in liquid state, 535 
infrared rotation spectrum, 19i. 
internuclear distances, 398 
linear structure, 279, 384 
Z-type doubling, 393 
moments of inertia, 393, 396 
observed infrared and Raman spectra, 
279i., 383, 388 
partition functions, 604y 507 
rotational constants, 392i. 
vibrational constants and zero-order 
frequencies, 280 
CHN, hydrogen isocyanide, 280 
CH 2 N 2 , cyanamide, 18, 322 
CH 3 N 3 , methyl azide, 342 
CHgN, methylamine, 342 
internuclear distances, 440 
moments of inertia and rotational con- 
stants, 4S7 
potential barrier, 520 
CHeN'*', methylammonium ion, 350 
CHeNa''', guanidinium ion, 6 , 8 , 185, 360 
C 2 H 3 N, methyl cyanide and methyl iso- 
cyanide : 

force constants, potential function, 
191, 194, 323, 334 
fundamentals, 332&.. 
geometi’ical structure, 220, 332i., 337 
observed infrared and Raman spectra, 
3S2S. 

C 2 H 6 N, ethylene imine, 350 
C 2 H 6 N 2 , azomethane: 
fundamentals, 358i. 
geometrical structure, 3S7f. 
observed infrared and Raman spectra, 

359 

C 2 H 7 N, dimethylamine, 288, 360, 520 
C 2 H 7 N, ethylamine, 360 
C 2 H 8 N 2 , diaminoethane, 368 
CgHsN, ethyl cyanide and isocyanide, 356 
C 3 H 9 N, trimethylamine, 303, 520 
C 4 H 2 N 2 , dicyanoethylene, 350 
C 4 H 3 N, cyanoethylene, 342 
C 4 H 4 N 2 , dicyanoethane, 360 
C 4 H 5 N, cyclopropylcyanide, 360 
C 4 H 6 N, a- and /3-methylacrylonitriles, 

360 

C 4 H 6 N, pyrrole, 267, 360 
C 4 H 7 N, butyronitrile, 368 
(C 4 Hi 2 N)+, tetramethylammonium ion, 
323 


CsHbN, pyridine, 362 
CHNO, cyanic acid, 302 
CH 3 NO, formamide, 336 
CH 3 NO 2 , hitromethane, 342, 520 
CH 3 NO 3 , methyl nitrate, 350 
CH 4 N 2 O, urea, 185, 350 
C 2 H 3 NO, methyl isocyanate, 342 
C 2 HBNO, acetamide, 356 
C 2 H 6 NO 2 , nitroethane, 360 
C 2 H 6 NO 3 , ethyl nitrate, 362 
C 2 H 7 NO, ethanolamine, 362 
C 3 H 3 NO 2 , cyanoacetic acid, 356 
CsHsNO, ethyl isocyanate, 360 
CsHbNO, hydroxyproprionitrile, 360 
C 3 H 7 NO, acetoxime, 368 
CH 4 N 2 S, thio-urea, 350 
C 2 H 5 NS, thioacetamide, 356 
CsHbNS, ethylthiocyanates, 360 
CH 02 ~, formate ion, 302 
CH 2 O, formaldehyde: 

Coriolis interaction in, 407, 432 
fine structure of infrared bands, 472, 
474, 478f., 481 f. 

force constants, potential function, 
179t, 191f., 301 
geometrical structure, 300, 428 
intensity alternation, 300, 476, 479f., 
482 

internuclear distances, 440 
moments of inertia and rotational con- 
stants, 437 

normal vibrations, 65, 106, 135 
observed infrared spectrum, 300i,, 474, 
478 

ortho and para modifications, 408i. 
rotational levels: 

statistical weights of, 53, 465 
symmetry properties (over-all spe- 
cies), 51 ff., 462 

stretching and bending vibrations, 197 
symmetry of vibrational eigenfunc- 
tions for excited vibrational leveds, 

102 , 124 

ultraviolet band spectrum, 301, 437 
CH 2 O 2 , formic acid: 

double molecules in vapor, 321, 535 
geometrical structure, 322 
isotope effect, 32 li. 

moments of inertia and rotational con- 
stants, 457 . 

observed infrared and Raman specrtra, 
32 IL 

O — H vibration in gas and liquid, 5S5L 
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CH 4 O, methyl alcohol : 
association in liquid, SS6 
Fermi resonance, 334 
fine structure of photographic infrared 
band, 499f. 
fundamentals, 3S4i. 
geometrical structure, S34i‘ 
hydrogen bonding in, 335 , S36 
influence of internal rotation on rota- 
tion vibration bands, 498f. 
infrared internal rotation spectrum, 
497t 

moments of inertia and jrotational 
constants, 4^1 

observed infrared and Raman spectra, 
3S4t, 499 

O — H vibration in gas and liquid, 536 
potential barrier hindering internal ro- 
tation, S35f{., 498, 520, 526 
rotational energy levels, including ef- 
fect of internal rotation, 491B, 493, 
495, 496 

torsional oscillation, 225E., 334, 4:98 
C 2 H 2 O, ketene, 322 
C2H2O2, glyoxal, 336 
C2H2O4, oxalic acid, 350 
C2H4O, acetaldehyde, 342, 520 
C2H4O, ethylene oxide; 
fundamentals, 340i. 
geometrical structure, 340 
observed infrared and Raman spectra, 

340^. 

as a three particle system, 172 
C 2 H 4 O 2 , acetic acid, 350 
C 2 H 4 O 4 , dimer of formic acid, 536 
C 2 H 6 O, dimethyl ether: 
observed infrared and Raman spccdra, 
35 3t 

point group of, 353 

potential barrier hindering internal ro- 
tation, 354, 520 

C 2 H 6 O, ethyl alcohol, 157, 356, 520, 536 
C 2 H 6 O 2 , ethylene glycol, 360 
CaH202, propiolic acid, 342 
C3H4O4, malonic acid, 362 
Calif, 0, acetone, 357, 360, 520 
CaHeO, propionaldehyde, 323, 360 
CaHgO, allyl alcohol, 360 
C 3 H 6 O 2 , ethyl formate, 362 
C 3 HCO 2 , methyl acetate, 362 
C 3 HCO 2 , propionic acid, 362 
CaHaO, propyl alcohols (n- and iso-), 368, 
520 


C4H4O, furan, 356 
C4H4O2, 1,3-cyclobutanedione, 185 
C 4 H 6 O, crotonaldehyde, 362 
C 4 H 6 O, cyclobutanone, 185, 362 
C 4 H 6 O 2 , cyclopropanecarboxylic acid, 
368 

C 4 H 6 O 2 , diacetyl, 368 
C 2 H 6 OS, ^-mercaptoethanol, 360 
C3H9P, trimethylphosphine, 303 
C 4 Hi 2 Pb, C 8 H 2 oPb, tetramethyl- and 
ethyl-lead, 323 

CH4S, methyl mercaptan, 336, 520 
C2H4S, ethylene sulfide, 342 
CaHeS, dimethyl thioether, 356, 520 
C 2 H 6 S, ethylmercaptane, 356 
C4H4S, thiophene, 356 
C 2 H 6 Se, ethylhydrogenselenide, 356 
C 4 Hi 2 Si, CsHaoSi, tetramethyl- and ethyl- 
silicane, 323, 520 
C 4 Hi 2 Sn, tetramethyltin, 323 
C 2 HoZn, dimethylzinc, 356 
C — I bond, force constant, 193 
C — I distance, 439 
C — I frequencies, 195, 316 
C 2 I 2 , di-iodoacetylene, 302 
CIN, iodine cyanide, 174, 192, 287 
Circular motion in degenerate normal vi- 
brations, 75f., 81,‘ 402, 447 
Circularly polarized incident light in 
Rayleigh and Raman scattering, 
247 L, 270 

Cis dichloroethylene, see C 2 H 2 CI 2 
Cis isomers of C2H4CI2 and C2H2CI4, 
346n. 

Classical anharmonic motion, 204 ^. 
Classicial motion: 
of asymmetric top, 4^, 43f. 
of spherical top, 38 
of symmetric top, 22, 23f. 

Classical rotational partition function, 
505L 

C'lassitial theory of normal vibrations, 
(Chapter 11,1) 

Classical treatment of infrared and Ra- 
man spectra, 2S0E. (Chapter III,1) 
Classification of rotational levels, sec 
Symmetry properties 
Classes of a group, 109 
Class of symmetry operations, 109i., 112 
(3NO, nitrosyl chloride, 105, 287 
CIO 2 , cldorine dioxide, 287 
C 103 ~, cldorate ion, 3()2f. 

CIO 4 -, perchlorate ion, 167, 182, 322, 451 
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CI 2 O, chlorine monoxide: 
force constants, 161, 170 
forms and frequencies of normal vibra- 
tions, 161, 171, 287 
cm-i, 538 

C=N bond, force constant of, 192i. 

C — N distance in methylamine, 

C^N distance in HCN, S98 
C^N frequencies, 195^ 199, 333f. 

C=N radical, 193 
C 2 N 2 , cyanogen: 

force constants, 180, 192 
fundamentals, 293 
linear symmetrical structure, 29S 
observed infrared and Raman spectra, 
293L 

statistical weights of rotational levels, 
16, 18 

stretching and bending vibrations, 181, 
199, 293f., 333. 

C 4 Ni 04 , see m(CO)4 
CNO“, cyanate ion, 287 
CNS"", CNSe~, thiocyanate and seleno- 
cyanate ion, 1 287 
C==0, C — O bonds, force ' constants of, 
192U 341, 353 
C==0 distance: 

in CO 2 and 002'^, 398 

in UO 

C==0, C — O frequencies, 195, 301, 304, 
334 353f. 

CO molecule, 193, 529, 534 
CO 2 , carbon dioxide: 

alternate missing lines and levels, 16, 
18, 21, 382, 384 

cubic and quartic potential constants, 
206, 276 

equilibrium with H 2 , 529 
equilibrium with C, CO and O 2 , 530 
A 2 F curve, 394 

Fermi resonance, 216,'ZV7i., 266, 273, 
276 

fine structure of infrared bands, 382, 
384, 394f. 

force constants, potential function, 
153f., 173, 187, 192 
fundamentals, 272^. 

activity of, 2S9i., 2421, 2721. 
change in liquid and solid state, 535 
internuclear distances, 21, 396, 398 
isotope effect, 17, 230 
linear symmetrical structure, 21, 272, 
288, 384 


CO2 (Cent.): 

Z-type doubling, 894^. 
moments of inertia, 21, 396 f. 
observed infrared and Raman spectra, 
267, 272, 273ff., 384 
potential surface in electronic ground 
state, 202, 203f. 
rotational constants, 21, S94&- 
rotational Raman spectrum, 20f., 532, 
533 

thermodynamic functions, 508, 529 
vibrational constants (zero-order fre- 
quencies), 276 

vibrational energy level diagram, 275 
C 02 "’", ionized carbon dioxide: 

rotational constant and moment of in- 
ertia, 396 

internuclear distances, 398 
CO 3 — , carbonate ion, 178, 271, 302f., 409 
C 2 O vibrations in C 2 H 4 O and (C 113 ) 20 , 
S4OL, 353f. 

C2O4 , oxalate ion, 336 
C3O2, carbon suboxide; 

absence of alternate rotational levels, 
16, 18 

force constants, potential function, 
191, 303, 306 

form of normal vibrations, 304 
fundamentals and other infrared and 
Raman bands, SOSfi. 
geometrical structure, 3031R. 
Combination differences, rotational; 
for asymmetric top nrolecules, 59, 485, 
487 

for linear molecules, S90f., 392f., 394 
for nearly symmetric top molecules, 
484 

use for accurate evaluation of rota- 
tional constants, 390i., 454^-, 485, 
4871 

for symmetric top molecules, 4^4^^- 
for tetrahedral molecules, 455, 459 
Combination differences, vibrational, 272 
Combination relations; 

rotational, between near and far infra- 
red spectrum, 434, 487f.. 
vibrational, 269, 272, 276 
Combination vibrations, 123f., 125U., 
129L 

infrared activity, 239, 241, 2(ilfi. 
Raman activity, 245 i., 2Glfi. 

Complex normal coordinates, 981., 1191., 
123 
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Configuration, vibrational, 130 
Conjugate elements of a group, 109 
Constancy of bond or group frequencies, 
see Characteristic bond (group) fre- 
quencies 

Contour lines, representation of poten- 
tial surface by, 203f. 

Conversion factors ; 
for energy units, 6S8 
rotational constant to moment of in- 
ertia, 14, 538 

wave numbers to force constants, 160 , 
538 

Coordinate transformation, 82 
Coriolis acceleration, 373 
Coriolis coupling (see also Coriolis iiiter- 
action), 270, 374 
Coriolis forces, 37 Si., 401i- 
in equilateral X 3 , 402 
in linear XYs, 374f. 
in non-linear XY 2 , 466 
Coriolis interaction: 

in asymmetric top molecules, -^ 6 ' 6 'ff. 
causing Z-type doubling, 377 
causing occurrence of forbidden vibra- 
tional transitions, 458 
causing splitting of U degeneracy, 405, 
407f. 

contribution to rotational constant a.i, 
S75ff. 

in linear molecules, 372ii. 
selection rules for, 376, 414, 447, 452, 
458, 466f. 

in symmetric top molecules, 

407^., 435 

in tetrahedral molecules, 447fT., 452, 

454n. 

wave mechanical treatment, S75i. 
Coriolis perturbations (see also Coriolis 
interaction, S78i., 413f., 462, 466 
Coriolis stditting: 

of degenerate vibrational levels, 401il., 
4/f7fT. 

effect on band structure, 4'29i., 441, 
44Si., 45Sn., 458i. 

of rotational levels in tetrahedral mole- 
cules, 45 in., 459 
Correlation: 

between enei-gy levels of free rotation 
and torsional oscillation, 494, 495 
of fundamentals: 

of CH4, CH3CI, CH2CI2, CHCI3, 

CCI 4 , 319f, 


Correlation (Cont.): 

of fundamentals (Cont,) : 

of isotopic molecules of XY4, 238, 
309 

COS, carbonyl sulfide, 174, 192, 287f. 
Cr 04 , chromate ion, 322 
Crossing over, non-occurrence of, see 
Non-crossing rule 
Cross terms: 

in formula for vibrational energy levels, 
205 

in kinetic energy, 143, 155 
in potential energy, 14'^i; 155, 159, 205 
Crystals, symmetry properties of, 4f., 12 
C=S bond, force constants, 192 
C—S distance in CS 2 , 398 
CS molecule, 193 
CS 2 , carbon disulfide: 

Fermi resonance in, 276i. 
force constants, 173, 187, 192 
fundamentals, 276i. 

change in liquid and solid state, 535 
internuclear distances, 396, 398 
linear symmetrical structure, 276, 288 
observed infrared and Raman spectra, 
276i. 

rotational constant and moment of 
inertia, 396 

Cubic point groups, 9, lOf., 38, 105, 121ff. 
numbers of vibrations of each sj^ecies, 

140 

polarization of Raman lines, 270i. 
Cubic terms in potential energy, 201 , 217, 
282 

Cyanogen, see C 2 N 2 
Cyclohexane, CfiHi 2 , 369 
Cyclopropane, see C 3 H 0 

D 

daa, dah, di,„, dbh, Coefficients in trans- 
formation of degenerate normal co- 
ordinates, <86’f., 99, 108, 121 
di, degree of degeneracy, 82, 210f., 370f., 
400, 446, 503 

d.ik, kinetic energy csoefficients for sym- 
metry coordinates, 147i., 156f. 

D, rotational constant: 

of asymmetric top molecules, 50, 461 
of linear molecules, J^f-j 371, 374, 381, 
S92i. 

of spherical topmolecules, 38, 447 
D2 molecules, point group, see F mole- 
cules, point group 
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Dz molecules : 

numbers of vibrations of each species, 
136 

selection rules for, 252, 44:4 
statistical weights of rotational levels, 
28 

Dz, point group, 6f, 11, 356, 508 

species and characters of, 109i., 114, 
126f., 129 
Di molecules: 

numbers of vibrations of each species, 
136 

selection rules for, 252 
Di, point group, 508 

species and characters of, 112fi., 118, 
126f., 129 

£>6, point group, species, selection rules, 
111, 126f., 129, 252 
Dz molecules: 

numbers of vibrations of eaclx species, 

136 

selection rules for, 252 
Dz, point group, species and characters 
of, 114, 118, 126f., 129, 508 
£>7, point group. 111 
£>8, point group, 116, 126f., 129 
£>(A), £>(J5) • • •, atomic heats of forma- 
tion, 528 

£>2^ molecules, point group, see Va mole- 
cules, point group 
Dzd molecules: 

number of vibrations of each species, 

137 

selection rules for (activity), 253, 343, 
357, 363 

symmetry properties (over-all species) 
of rotational levels, 408f. 
statistical weights of rotational levels, 
28, 411 

Dzd, point group, 6, 8, 12, 3561f., 508 
species (characters) of, 126f., 

129, 343 

relation to those of other point 
groups, 237, 358, 363 
£>4^ molecules: 

numbers of vibrations of each sixocics, 

138 

selection rules for, 253 
Did, point group, species and characters 
of, 8, 12, 116, 126f., 129, 508 
£>2/1 molecules, point group, see Vh mole- 
cules, point group 


Dzh molecules, (see also XY3 molecules, 
planar) : 

intensity alternation in infrared bands, 

41 8, 433 

internal vibrational angular momen- 
tum, 434 

normal vibrations, 84, 91 
numbers of vibrations of each sixecies, 
138 

rotational selection rules, 44^, 443L 
statistical weight of rotational levels, 
27i., 409, 411 

symmetry properties (over-all species) 
of rotational levels, 408f. 
vibrational selection rules, activity, 
252, 264, 343, 351, 357, 363 
Dzh, point group, 6, 8, 12, 356ff., 4()(), 508 
species and characters of, 116t,, 126f,, 
129, 343 

relation to those of other point 
groups, 236i., 343, 358, 363 
D'zh, point group for free rotation in di- 
methyl acetylene, 350 
Dih molecules: 

normal vibrations of, 92 
numbers of vibrations of cacdi species, 
tS8 

selection niles for, 25S, 441, 443 
£>4/1, point group (species aanl (diaracters), 
8, 12, lien., 126f., 129, 508 
£>67, molecules: 

normal vibrations of, 92, 93 
numbers of vibrations of ea.<di .spc'cie's, 

138 

selection rules for, 253, 25(5, 443 
Dzh, point group (sixcc.ies a, ml <;haract<M-s), 
8, 12, 1161., 126f., 120 
Dzh molecules: 

normal vibrations of, 93 f., 118 
nuitibers of vibrations of each species, 
138, 363 

selection rules for (activity), 253, 3(53, 
443 

Dzh, point group, 9, 12, 406, 508 

species and cliaracters of, lldL, 125[T., 
129f., 3(53 

resolution into tliose of other jioint 
groups, 2S6L, 3(53f. 

Dooh molecules (see jilso Lint'ar mole- 
cules): 

internal partition fun<t,ions, 509 
numbers of vibrations of (xach Hixecies, 

139 
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Doo?i molecules (Cont,): 
selection rules for, 19f., 253, S79f. 
statistical weights of rotational levels, 
16E., 372 

symmetry properties of rotational 
levels, 15i., 373, 373 
Dooh, point group, 9, 12, 13, 508 

species and characters of, 126f., 

129 

Dj, Djk, Dk rotational constants of 
symmetric top molecules, 26, 31, 3(), 
400f. 

Dp, point groups, 7, 34, 116 
Dpd, point groups, 8, 34 
Dph, point groups, Sf., 34, 116, 236 
D[,,], rotational constant for vibrational 
level Vi, V 2 , vz • • - , 371, 447 
5, separation of unperturbed levels, 216 
S, 5ik, changes of bond angles, 168, 175, 
179ff., 183, 187f. 

5i, 52, 53, • • - , deformation (bond-bend- 
ing) vibrations, 194-, 272 
5, 8 g, 5„, species symbols for individual 
vibrations (see also the correspond- 
ing capital letters), 136&., 272 
®5, ^ 8 , • * ' , doubly, triply, . . . degener- 
ate bending vibrations, 272 
5x, 5<r, parallel and perpendicular bending 
vibrations, 272 

5x, 82 /, 62, number of rotations about x, y, 
z axes of a given species, 232 
A, defect in relation I c = Ia -\- In for 
planar molecules, 461, 489 
A, species (characters) of point group 
Coo,,, 112, 128, 137, 140, 211, 252 
Ag, An, species (characters) of point 
group Doo;., 119, 139f., 253 
A, Ag, Au vibrational states of linear 
molecules, rotational levels in, S71f., 
373 

A — A infrared bands (transitions) of 
linear molecules, 380, 389 
A — n infrared bands (transitions) of 
linear molecules, 380, 384, 387 
A — S Raman bands of linear molecules, 
275 3,99 

DON, see CDN and CHN 
D2CO, see CD2O 
Debye function, 524 

Defect in relation Ic = lA~hIii for 
planar molecules, 431, 439 
Deformation vibrations (see also CH2 
and CHs), 194, 316 


Degeneracy, accidental, 98, 125, 210 
215&. (Chapter II,5c) 

Degeneracy, degree of, 80, 81f., 104, 503 

Degeneracy: 

of energy levels of torsional oscillations, 
225£f. 

of higher vibrational levels of degener- 
ate vibrations, 80, 81f., 104, 12S 
necessary, for molecules with more 
than two-fold axes, 98, 125 
produced by identical potential min- 
ima, 220&. 

of rotational levels with "K > 0, 24 
separable, 99, 119^., 123 
splitting in unsymmetrically substi- 
tuted (isotopic) molecules, 23611., 
309, 321, 334 . 

of vibrations, see Degenerate vibra- 
tions 

Degenerate, with respect to a symmetry 
operation, 89, lOSt. 

Degenerate eigenfunctions, 80t., lOSi., 
108L 

Degenerate normal coordinates, 80i., 

86t, 88L 

Degenerate normal vibrations, (see also 
Degenerate vibrations), 75i., 80i., 
83^. (Chapter II, 3b) 

Degenerate Raman bands: 

of symmetric top molecules, 443i,, 445f. 
of tetrahedral molecules, 4113 

Degenerate species, ioSff., 147 

characters of, 108^. 
number of vibrations for, J35ff. 
resolution into those of point groups 
of lower symmetry, 236^. 

Degenerate symmetry coordinates, 147 , 
154f. 

Degenerate symmetry types, see De- 
generate species 

Degenerate vibrational states, rotational 
energy levels in, 372f., 4<91ff., 404ff., 
447 , 448f. 

Degenerate vibrations: 

behavior with respect to symmetry 
operations, S6ff., 94^-1 97i. 
classical, 67, 75f., 85 
contribution to partition function, 
503i. 

determination of form of, 87f., 89, 90f., 
93f., 961. 

eigenfunctions, 80i., 103i. 
energy formula, 80, 210i. 
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Degenerate vibrations (Cont.): 
form of: 

for linear XY2 molecules, 8S, 84, 86i. 
for planar X4 molecules, PJf, 92f. 
for planar Xb molecules, 92, 93 
for planar Xe molecules, 93f. 
for tetrahedral XY4 molecules, 99, 
lOOf. 

for X3, X3Y3, XYs molecules, 84, 
SSff., 89, 90, 91, 110 
giving depolarized Raman lines, 248, 
271 

higher vibrational levels, 81, 213, 214f. 
influence of anharmonicity, 210R, 
(Chapter II,5b) 
isotope effect, BS2&. 
non-linear motion in, 7Sf., 402f. 
normal coordinates for, 80f., 86f., 88i. 
number of, of each species, 1S5&. 
orthogonal pairs, 85, 87, 95f. 
potential energy, 94, 99 
reason for occurrence, 85, 98 
selection rules for, 262i. 
species (types) of, 89^., 108&. 

of higher vibrational levels, 125f£., 
129i. 

transformation law, 86&., 94&- 
vibrational angular momentum, 75f,, 
81, 126f., 211L, 40Bn., 447t 
zero-point energy, 80i., 211 
Degree of degeneracy, 80, 81f., 104, 503 
Degree of depolarization: 

means of distinguishing totally sym- 
metric from non-totally symmetric 
Raman lines, 249, 270i., 491 
of Raman scattering, 248i., 269W. 
of Rayleigh scattering, 24O&., 269 
Degrees of freedom, 61 i., 13 Hi., ISSH. 
Depolarization of Raman and Rayleigh 
scattering, see Degree of depolariza- 
tion 

Depolarized Raman lines, 248, 270i. 
Derived polarizability tensor, 248f. 
Designation of fundamental frequencies, 
163, 27H. 

Designation of species (symmetry types) , 
105&., 112f£., 118&., 124 
Determination of normal modes of vibra- 
tions, ISlff. (Chapter 11,4) 
Diacetylene, see C4H2 
Diagonal elements of matrix of (induced) 
dipole moment, 252, 254 
Diagonal planes, era, 8 


Diatomic molecules, point groups and 
species of, 7, 9, 112, 118f- 
Diatomic nomenclature applied to linear 
molecules, 112 

Dichloroethane, see C2H4CI2 
Dichloroethylene, see C2H2CI2 
Difference bands, 266f{., 312 

fine structure of, for linear molecules, 
389f. 

formula for, 269 

involving degenerate vibrations, 268f., 
389f., 483 

of type Vk + n — Vi, 267, 26^,312, 390 
Diffuseness of non-totally symmetric Ra- 
man lines, 444-, 445f., 491. 

Dihedral groups, 7 

Dimensionless normal coordinates, 218,' 
377 

Dimethyl acetylene, see C4H0 
Dimethyl ether, see C2H«0 
Dipole moment, electric : 
of a bond, 265 
change of: 

determines infrared activity of vi- 
brations, 239^., 2491., 2601., 414 
direction deteniiines tyi)e of infra- 
red bands, 272, 414, 498i. 
expansion in power series of normal co- 
ordinates, 240, 260 

as a function of internuclear distance 
(normal coordinate), 241, 261, 265 
matrix elements of, 32, 25 H., 414 
several components for a given vibra- 
tional transition, 268i. 
species of, 252i. 

determines infrared activity, 2521,, 
258^., 262, 2G5f. 

Dipole moment, induced, sec Induced 
dipole moment 

Dipole radiation, 19, 55, 239, 380 
Dii-ect product, 130 

Displacement, arbitrary, in terms of nor- 
mal coordinates, 70f. 

Displacement coordinates, 68, 70, 73 f , 

141, I65f. 

ratio ill normal vibration, 74, 82 
Displacement vectors in degenerate! vi- 
brations, 87, 88ff., .9eff. 

Dissociation energy, 201 f. 

DNO3, heavy nitric acid, 322 
D2O, heavy water: 

force constants, 161, 170 
fundamentals, 282 
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D2O (Cont.): 

isotope effect, 

observed infrared and Raman spectra, 
56, 58, m 

zero-order frequencies and anharmonic 
coefficients, 2B9f., 282 
D2O2, deuterium peroxide, 303 
Double degeneracy of states with K > 0, 
21 ,. 

Double rotational structure of infrared 
bands of molecules with free internal 
rotation, 497i. 

Doubling of levels due to inversion, see 
Inversion doubling 

Doubly degenerate species, 108&.., 121, 
272 

number of vibrations for, 135U. 

Doubly degenerate vibrations, see De- 
generate vibrations 
D2S, deuterium sulfide; 
force constants, 161, 170 
fundamentals, 283 
isotope effect, 229, 284 
observed infrared and Raman spectra, 
282fi. 

D2Se, deuterium selenide, 161, 170, 287 
isotope effect, 229 

E 

€, electronic charge, 538 
e vibrations, higher vibrational levels of, 

128 

€, e', e", eg, ci, <22, • • • , species symbols 
for individual doubly degenerate vi- 
brations (see also corresponding cap- 
ital letters), 12Si., 272 
E, degenerate species (characters and 
numbers of vibrations) of point 
groups: 

and Dg, 110, 112, 128, ISSf., 234, 
252 

C3, 119L, 136, 252 

C4, Civ, Di, Du = Va, Si, 113, 136i., 
252f. 

T, 123, 139, 253 

Td and O, 100 , 12 It, 130, 235, 253, 259 
E, doubly degenerate species, lOBfi. 

E, electric vector of incident radiation, 
242ff., 246 
E, identity, see I 

E modification of C^y, Cg/*, Dzh, ‘ ■ ■ mole- 
cules, 415 

of tetrahedral molecules, 40t, 453 


E rotational levels: 

degenerate in any approximation, 409, 
413, 452 

of molecules with internal rotation, 492i. 
of molecules with a three-fold axis, 
27S., 406fi. 

of tetrahedral molecules, SPf., 44^, 
4S0f., 453 

E vibrational levels of tetrahedral mole- 
cules: 

no Coriolis splitting of, 447 
over-all species of rotational levels, 
449, 450f. 

E, E', E" vibrational levels of Czv, Csa, 
Dsh, • • • molecules: 

Coriolis splitting oi, 401^- 
over-all species of rotational levels, 
407, 408f. 

E', E", species (characters and numbers 
of vibrations) of point groups: 

Czh, 120i., 137, 252 
Dzh, 91, 11S&., 138, 179, 252, 264 
total internal energy per mole, 512 
Eq^, zero point energy per mole, 512, 519 
NE(P, zero point energy change in a reac- 
tion, 626&. 

E~, E*, E** alternative designation 
for species Ex and E2, 114 
El, Ei, degenerate species (characters 
and numbers of vibrations) of point 
groups: 

C5,, and Dg, lilt, 137, 252 
Ce, 119t, 136, 252 
Cfi„ and i>o, 114, 136f., 252 
Ex, Ez, Ez, species (characters and num- 
bers of vibrations) of point groups: 
Civ and Dj, 111 
Du, 116, 138, 253 

Ex', Ex", Ei, E2", species (characters and 
numbers of vibrations) of point 
group Dzn, 92, 117, 138, 253 
Eg, Eu, species (characters and numbers 
of vibrations) of point groups: 

Dzd, list, 137, 253 
Du, 92, 117, 138, 253 
Cu, U^Ot, 137, 253 
Oh, 122i., 139, 253 

Exg, Eiu, E%o, E-in, species (characters and 
numbers of vibrations) of point 
groups: 

Czh, 1201., 137, 253 
Dzh, 93, //7f., 138, 253 
Se, 119, 136, 253 
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En^, Ei^ unperturbed energies in pertur- 
bation theory, 216 
Erj rotational energy, I4 
Et, parameter for rotational energy levels 
of asymmetric top, 4^fl. 

Ex, Ey, Egf components of E, 243, 254ff. 
E(vi, V2, Vz • • •)> vibrational energy [see 
also 0(vi, V2, V 3 )], 77 

Cl, € 2 , * • • €n, total energy of state 1, 
2, • • • M, 501, 512 

€iat, etr internal and translational energy, 
SOIL 

7ja, rib, complex normal coordinates, 98i. 
rji, normal coordinates, 7SL, 204 
H, Hff, H„, species of linear molecules, 
127ff. 

E — A vibrational transition, rotational 
fine structure of (see also perpen- 
dicular bands), 408, 4^8^., 443L 
E — A, Raman transitions of tetrahedral 
molecules, 4^8 
Eclipsed model: 
of ethane (C 2 H 6 ), 
of dichloroethane, 347f. 
ee rotational levels of asymmetric top 
molecules, 52 

E — E vibrational transitions, 269, 4^^ 
Effective moments of inertia, 208, 400, 
460t, 488f. 

Effective rotational constants A[v], Bi„], 
C[v\ in a vibrational level, 370, 4OO, 
446 , 460 

for inversion sublevels, 477 f. 
Eigenfunctions: 

behaviour with respect to symmetry 
operations, IO4 
of harmonic oscillator, 78, 79 
for inversion doubling, 221, 222f. 
for perturbed levels, i7^?f. 
rotational, see Rotational eigenfunc- 
tion 

species of, 704®- (Chapter II, 3d) 
vibrational, (see also Vibrational eigen- 
functions), 70ff., 707ff., 70-^ff., r23ff. 
Eight-atomic molecules, observed spectra 
of individual molecules, 343^- (Chap- 
ter III,3f) 

Einstein functions, 515 
Elastic bar, vibrations of a mass sus- 
pended by, 62, 63 f., 71, 75, 243 
Electrical anharmonicity, 241, 24-6 
Electric dipole moment, see Dipole mo- 
ment 


Electrolytic dissociation, study by means 
of Raman effect, 501 
Electron, charge and mass of, 538 
Electron diffraction, supplying ro not r, 
values, 372 

Electronic band spectra, 131, 380 
Electronic eigenfunctions, 15, IO4, 112, 
123, 252 

Electronic states, 61, 124, 380 

of diatomic molecules, designation, 112 
Electronic structure, 192, 227, 236 
Electron-volt, 538 

Eleven-atomic molecules, observed spec- 
tra of individual molecules, 359^. 
(Chapter III,3i) 

Ellipsoid, energy, momental, polariza- 
bility, see under Energy, Momental, 
Polarizability 
Elliptical motion: 

in degenerate normal vibrations, 75i., 
81 

on account of Coriolis forces, 375, 402 
End atoms, stretching and bending vi- 
brations of, 197L 

Energy ellipsoid of asymmetric top, 42, 
43f. 

Energy level diagrams: 

of asymmetric top inolce.ules, 45, 51, 
57, 463, 464 

for a type A band, 470f. 
for a type B band, 475, 477 
for a type C band, 48O, 481 
of linear molecules, 15, 373 
for — n,, bands, 389 f. 

for n„, — bands, 384, 387 
for S„+— 2,;+ bands, 381 
of molecules with internal rotations, 
493, 495, 496 

of spherical top rnolce.ulcs, 448, 450 
of symmetric top molecules, 25, 404, 
408, 412 

for 11 and X bands, 417 
vibrational: 
of CO 2 , 275 

for degenerate vibrations, 81, 213, 

214 

for difference bands, 268 
of H 2 O, showing anharmonicity, 207 
of pyramidal XY;{ mohiculcs ((dTect 
of inversion doubling), 222 
for three harmonic vibrations, 77, 78 
for torsional oscillations, 225 
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Energy levels : 
rotational : 

of asymmetric top molecules, 44 , 
45f., 49ff., 4 ^ 0 ^. (Chapter IV, 4a) 
of linear molecules, 14, IS, S70E. 
(Chapter IV, la) 

of molecules with free or hindered 
internal rotation, f., 493f-, 495, 
496 

of spherical top molecules, 

446 ^. (Chapter IV, 3a) 
of symmetric top molecules, 24, 25f., 
400 ^. (Chapter IV, 2 a) 
vibrational, 76'ff. (Chapter 11,2) 

taking account of anharmonicity, 

20511., 210n. 

for torsional oscillations, 225ff., 49Sf. 
Energy units, conversion factors for, 5S8 
Enforced dipole radiation, 382 
Entropy, 343, 515ff. 

absolute and virtual, 522 
contribution of internal rotation, 524, 
525f. 

correction for gas imperfection, 524 
as a function of temperature, 523 
observed values, 62Si. 
potential barrier hindering internal ro- 
tation from, 343, 520, 524^- 
Envelope of unresolved bands, indicating- 
band type, 388, 444 L, 482 ^. 
eo rotational levels of asymmetric top 
molecules, 52 
Equilibria, chemical: 

calculated from spectroscopic data, 
52(m. 

potential barriers from, 520, 527, 530 
Equilibrium, of ortho and para modifica- 
tions, 18, 514 

Equilibrium constant of a gas reaction, 

B2fm. 

influence of internal rotation on, 527, 
530 

for isotopic exchange reactions, 528 
for the reaction Called C 2 H 4 H 2 , 
530 

temperature dependence of, 52!)i. 
in terms of partition functions, 52(ii., 
529 

for the water-gas reaction, 520 
Equilibrium values of rotational con- 
stants, intern ucl ear distances, mo- 
ments of inertia, see Rotational con- 
stants, and so on 


Equipartition values of heat content and 
heat capacity, 513 
Equivalent barrier height, 519 
Equivalent nuclei, sets of, 131^., 232f. 
erg/molecule, conversion factors for, 538 
Ethane, see C 2 H 6 and C 2 D 6 
Ethane-ethylene equilibrium, 530 
Ethane-like molecules, contribution of 
internal rotation to heat capacity 
and entropy, 5l8f., 524, 525f. 
Ethylene-ethane equilibrium, 530 
Ethylene, see C 2 H 4 and C 2 D 4 
Ethylene-like molecules, calculation of 
frequencies, 150fl. 

Ethylene oxide, see C 2 H 4 O 
Eulerian angles, 26 

Exchange of identical nuclei, 15f., 27, 
52ff., 372, 409f., 451, 462f. 

Exchange reactions, isotopic, 528 
Excitation of several vibrations, species, 
123^. (Chapter II, 3e) 

Exclusion, rule of mutual, 256f£. 
Expanded secular equation, 157 
Expansions, asymptotic for rotational 
partition functions, 505f. 

External energy of gas, 512 
Extra lines in perturbations, 379 

F 

/, fh h, ho, hu, species symbols for in- 
dividual triply degenerate vibrations 
(sec also the corresi)onding capital 
letters), 126fl., 272 

h, ft, • ' • fj • number of vibrations of 
the different species, 145, I 4 S, 232 
fiji,, coeffi(!ients of cubic terms in poten- 
tial function, 204 

F modification of tetrahedral molecules, 

401., 453 

F rotational levels of tetrahedral mole- 
cules, .^.9f., 440 , 450f., 453 
degenerate in any approximation, 452 
F, triply degenerate species, 1081. 

F triply degenerate species (characters 
and number of vibrations) of point 
group T, 123, 139, 253 

F^~^ sul)levels of triply de- 
generate vil)rational state, 44^, 450, 

45 51., 458 

E", free energy of perfect gas, 51 OS., 
526S. 
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El, Fi, species (characters and numbers 
of vibrations) of point groups Ta 
and O, 100, 121t, 139, 235, 253, 259 
Ex, E% vibrational levels of tetrahedral 
molecules: 

Coriolis splitting of, 448f. 
over-all species of rotational levels, 
44P, 4501 

AF, total molar free energy change in a 
reaction, 526 

AiE", combination differences for asym- 
metric top molecules, 4^6 
EiXT.f contribution pi one free internal 
rotation to free energy, 524 
Flo, Eiu, Fza, Fzu, species (characters and 
numbers of vibrations) of point 
group Oh, 122i., 139, 253 
F?nt, internal free energy, 519ii. 

F(/), F[„](/) rotational term values of 
linear and spherical top molecules, 
14, 370L 

F(Jt)} rotational term values of asym- 
metric top, 4 ^, 4^^\ 

F(J, K), F[„](J', K) rotational term val- 
ues of symmetric top molecules, 24, 
26, 400, 40S, 421f. 

F(J, K, ki, kz), rotational term values of 
molecules with free internal rota- 
tion, 452i- 

E(J, • • •), rotational term value, 502, 505 
F^+HJ), F^^^iJ), F^-^J), rotational term 
values for sublevels in triply degen- 
erate vibrational state, 441^ • 

AoF(J), combination differences for linear 
molecules, S90L, 392, 394 
A^F{J), Ai^FiJ, K) combination differ- 
ences for symmetric top molecules, 
4S4i. 

Flii ), polynomial in eigenfunction of 
degenerate vibrations, 81 
Fr°, rotational free energy, 621i. 

Ft{ki, k), rotational term value for free 
internal rotation, -^:.9^ff., 510 
F%, translational free energy, 519i. 

F-o^, vibrational free energy, 521L 
F<i — J-i Raman and infrared transitions 
of tetrahedral molecules, 456^-, 4^8i. 
Factoring of secular equation (determi- 
nant),, f^T'f-, 151, 153, 155f. 

Far infrared absorption spectra, see In- 
frared rotation spectra 
Fermi perturbations (see also Fermi reso- 
nance!, S78L, 405, 413f., 486 


Fermi resonance, 216^. (Chapter IT, 5a) 
in CCI4, SIO, 312 
classical treatment, 218 
in CH4 and CD4, 307 
in C2H4, 327 
in C 2 H 6 and C 2 D 6 , 345 
in CeHe, S66i. 
in CHs— C^CH, 339 
in C£[ 3 — C^C—CHs, 357 
in CH3CI and other methyl halides, 
S12 SlJfi* 

in CHsOH and CH 3 OD, 334 
in CO 2 , 216, 217f., 266, 273, 276 
in CS 2 , 2761. 

effective B values in, 378 
effect on vibrational partition function, 
504 

influence on vibration spectrum, 2661. 
in N 2 O, 277i. 

only between levels of the same spe- 
cies, 216&. 

Fermi statistics, 16ff., 28, 372, 409f., 465, 
480 

Figure axis of symmetric top and its 
nutation, 22 j 23f. 

Fine structures: 
of infrared bands: 

of asymmetric top molccvdcH, 469, 
470f., 472, 473, 474f., 476, 477, 
478, 479ff., 482, 483 
of linear molecules, 380, 381, 382, 
383, 384, 385, 386, 387, 388, 389ff. 
of liquids and solids, 531E. 
of molecules with intevna.l rotations, 
497 i., 499f. 

of spherical top molecules, 453, 454f., 
456, 457f. 

of symmetric top molecules, 4U)i., 

418, 419, 420f., 422, 423, 425f., 
427ff., 430, 43 Iff. 
of Raman bands: 

of asymmetric top molecules, 4.9df. 
of linear molecules, 399 
of liquids and solids, ^,' 1 /ff. 
of spherical top molccudes, 468, 459 
of symmetric top molecules, 4401-, 
444 

Five-atomic molecules, observed spectra 
of individual molecules, S03U. 
(Chapter III, 3c) 

F 2 O, fluorine monoxide, 161, 170, 287 
Forbidden vibrational transitions: 

in asymmetric top molecules, 328, 469 
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Forbidden vibrational transitions (Cont.) : 
in linear molecules, S80 
in spherical top molecules, 4 ^ 6 i. 
in symmetric top molecules, 364, 4 .IS 
Force constants (see also individual mole- 
cules), (Chapter II, 4b— f) 

agreement in isotopic molecules, 159, 
227^. 

bond-bending and stretching, 192E. 
in Cartesian coordinates, 68i., 7Sf., 
I4.IL 

for central force coordinates, 14Sj 145, 
149, lS9f£. 

inter comparison in different molecules, 
192&. (Chapter II,4f) 
from isotopic molecules, 227i. 
for linear XY 2 molecules, ISSt., 172i., 
187 

for linear X 2 Y 2 molecules, 188f. 

for linear XYZ molecules, 17 Si. 
for non-linear XYg molecules, l^Sff., 
leOL, 168^., 186t 
for non-linear XYZ, 1/4 
numerical factor in, 160, 5S8 
from observed fundamental frequen- 
cies, 15.9ff. (Chapter II,4c-e) 
for planar XY3 molecules, 17 8i. 
for planar X 2 Y 4 molecules, ISOE., 
18Sii., 189Q. 

for pyramidal XY3 molecules, 

162n., i75fe., 187ii. 
in simple harmonic motion, 62, 72 ' 
from a study of molecular models, 157 
for symmetry coordinates, l/i.7ii. 
for tetrahedral XY 4 molecules, 166^., 
181fi, 

for valence force coordinates, 168E. 
Forced oscillations, 64 
Force fields, more general than central or 
valence force fields, 186^. (Chapter 
II,4e) 

Formaldehyde, see CH 2 O and CD 2 O 
Formic acid, see CH 2 O 2 and CHDO 2 
Form of degenerate normal vibrations, 
determination of, 87f., 89, 90f., 93f., 
96i. 

Form of normal vibrations (see also Nor- 
mal vibrations and individual mole- 
cules), 69, 74 , lJi-5 
determined by symmetry, 133^. 
when not determined by symmetry, 
HOn. (Chapter II,4b-d) 


Four-atomic molecules, observed spec- 
tra of individual molecules, 288 fi. 
(Chapter III, 3b) 

Four-fold axis of symmetry, ;^ff. 

Freedom, degrees of, see Degrees of 
freedom 

Free energy, 519ft. 

contribution of internal rotation, 524 
determines chemical equilibrium, 526&. 
effect of anharmonicity on, 522i. 

Free internal rotation: 
contribution to: 

entropy and free energy, 524, 525f. 
heat capacity and heat content, 51 7f. 
partition function, SlOfi. 
correlation with torsional oscillation, 
494, 495 

energy levels of molecules with, 1^911., 
493f. 

infrared rotation- vibration spectrum of 
molecules with, 4 ^ 6 ^. (Chapter 
IV,5b) 

intensity distribution (alternation), 
500 

Raman spectrum of molecules with, 
500 

Free internal rotation spectrum, 487i. 

Free rotation in crystals, 533 

Frequencies: 

for infinitesimal amplitudes, 205^., 232 
of normal vibrations (see also Normal 
frequencies and individual mole- 
cules), 681., 77, IJi-Oi., 144 , 157 
in terms of force constants, see Force 
constants and XY 2 , XY 3 , and so 
on 

Frequency shifts of vibrations in liquids, 
solids and solutions, 534^> 

Fundamental bands, wave numbers of, 
as substitutes for true normal fre- 
quencies, 160, 206 

Fundamental frequencies, see also Nor- 
mal frequencies and individual mole- 
cules or molecular types: 
comparison in gaseous, liquid and solid 
states, 535 

determination of force constants from, 
159t. 

Fundamentals (see also Normal frequen- 
cies and individual molecules), 206, 
211 

infrared active and inactive, 239^., 
249 ft., 25Sft. 
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Fundamentals (Cent.): 

number of, active in infrared and Ra- 
man spectrum, 258 
numbering of, 163, 27 li. 

Raman active and inactive, 24^f£., 
249f£., 258S. 

O 

g, subscript of species symmetric with 
respect to inversion, 105, 114, 118, 
121, 124 

selection rule for, 256, 379f. 
g, u rule, 124t 126, 262 
gik, anharmonicity constants for degener- 
ate vibrations, 210&.., 264, 371, 504 
gijkh coefficients of quartic terms in po- 
tential function, 204 
gTint, internal statistical weight, SOU. 
gj, statistical weight of rotational levels 
of linear molecules, 19 
gjK, statistical weight of symmetric top 
levels, 32, 421f. 

9ny gr, gtT, gv, total, rotational, transla- 
tional, vibrational statistical weight, 
501 i. 

G(0, 0,0 • • •)> zero point vibrational en- 
ergy (term value), 78, 206 
G{vi, V2, Vs — ), vibrational term values, 
77f., 80&., 205i., 208, 210i., 370L, 
400, 460 

Co(vi, Vi, Vs, • • •)» vibrational term values 
referred to lowest state, 78, 206, 208, 
211, 602 

G{vt), term values for torsional oscilla- 
tions, 226 

A(r, magnitude of inversion doubling in 
cm~^, 222 

NGi of diatomic molecules, 160, 194 
y, angle of torsion, 183 
y, perturbation constant, 219, 282 
r, Vg, Fu, species of linear molecules, 
127f!. 

Gas constant per mole, R, 512, 521, 538 
Gauss error function, 80 
GeBr 4 , GeCU, germanium tetrabromide 
and chloride, 167, 182, 322 
GeH 4 , germane, 322 

internuclear distance, moment of in- 
ertia and rotational constant, 4 ^^ 
occurrence of inactive fundamental 
in infrared absorption, 

GeHBrs, GeHCls, tribromo- and tri- 
chloro-germane, 322 


Genuine normal vibrations, 69, 72, 77, 92 
number of, of a given species, 132&., 
135 

Geometrical structure: 

from rotation-vibration spectra, S96S,, 
4S8fli., 489 

from vibration spectra, 1S7, 258, 272^, 
Group frequencies, characteristic, see 
Characteristic bond (group) fre- 
quencies 

Group, mathematical, 4 
Group theory, 5, 104i., 1081., 121ff., 125, 
130, 210, 236 

H 

h, Planck’s constant, 521, 538 
H, Hamiltonian operator for general 
polyatomic molecule, 208i., 375 
H, heat content of real gas, 517, 529 
H^, Hamiltonian operator for harmonic 
oscillator approximation, 208 
H^, heat content of perfect gas, 5'7;^f., 529 
AH®, heat of reaction, 628&. 

contribution of free internal rota- 
tion to heat content, 517 
heat content due to internal degrees 
of freedom, 513, 529 
Hr^, rotational contribution to heat con- 
tent, 51 Si. 

Hvii ), Hermite polynomial, 78f., 103 
HJ, vibrational contribution to heat con- 
. tent, 5f5fE. 

Ha, hydrogen, 529f., 532 
Hs, Hs'*', triatomic hydrogen, 159 
Hamiltonian operator, for polyatomic 
molecules, 20 8i., 375 
Harmonic oscillator, 67i. 
eigenfunctions, 78, 79, 101 
energy levels, 77 
kinetic and potential energy, 72 
Harmonic oscillator approximation, 77i., 
208i. 

infrared and Raman spectrum, 239, 
249, 251, 260 

thermodynamic functions, 603L, 515, 
522L 

Harmonic-oscillator-rigid-rotator ap- 
proximation, 3751. 
for internal partition function, 509 
H3BO3, boric acid, 342 
HBr, hydrogen bromide, 533 
HCl, hydrogen chloride, 531, S 32 f., 535f. 
HCIO4, perchloric acid, 336 
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HCH valence angle, 439f. 

HCN, see CHN 

H 2 CO, see CH 2 O 

HDO, heavy water, 197, ^82, 489 

HDS, heavy hydrogen sulfide, 197, S82&. 

HDSe, heavy hydrogen selenide, 287 

Head formation in infrared bands, 428 

Heat capacity, 343, 51S&, 

calculated and observed values, 516i. 
correction for deviation from perfect 
gas, 517 

effect of anharmonicity, 515, 516 
of molecules with free or hindered in- 
ternal rotation, 517^. 
potential barriers hindering internal 
rotation from, 343, 354ff., 519i. 
from spectroscopic data, 513E. 

Heat content, 512^., 529 

correction for deviation from perfect 
gas, 517 

from spectroscopic data, 513^. 
of molecules with free or hindered rota- 
tion, 577ff. 

Heat of formation, 528 
Heat of reaction, 528t. 

Heavy acetylene, see C 2 D 2 and C 2 HD 
Heavy ammonia, see ND 3 
Heavy water, see HDO and D 2 O 
Hermite function, 209 
Hermite polynomial, 78f., 103 
Heterogeneous perturbations, 378 
HF, hydrogen fluoride, 536 
HF 2 “ ion in potassium hydrogen fluoride, 
225, 287 

HgBr 2 , HgBrCl, HgBrI, HgCl 2 , HgClI, 
Hgla, 287 

HI, hydrogen iodide, 533 
Hindered internal rotation: 

contribution to thermodynamic func- 
tions, 343, 511U 5l8f., 5U, S25f. 
energy levels of molecules with, 227, 

■ 491 f., 494, 495, 496 
infrared rotation- vibration spectrum of 
molecules with, 496'S, (Chapter 
IV,5b) 

influence on chemical equilibrium, 527, 
530 

intensity (alternation) in infrared 
bands of molecules with, 500 
Raman spectrum of molecules with, 
500 

Hindering potential for torsion, see Po- 
tential barrier 


HN3, see N3H 

HsN, see NH 3 

HN 62 , nitrous acid, 302 

HNO 3 , nitric acid, 322, 520 

H 2 O, water: 

analysis of infrared bands of, 4^7ff. 
bending and stretching vibrations, 
1961., 280 

centrifugal distortion, 50, 485, 488 
combination differences, 4^7 
Coriolis interaction in, 466 
equilibrium of reaction with CO, 529 
fine structure of infrared bands, 469, 
470ff., 473, 478f., 486^. 
in inert solvents, 531 
fine structure of Raman bands, 490 
force constants, 161, 170, 187, 230 
form of normal vibrations, 171 
fundamentals, 207, 229, 280li. 

change in solid and liquid state, 534f . 
infrared rotiaton spectrum, 56, 58f. 
intensity alternation, 59, 281, 473, 475 
isotope effect, 228f£., 282 
isotopic exchange reaction with HD, 

528 

moments of inertia, internuclear dis- 
tances and angle, 4S8i. 
non-linear symmetrical structure (Cav), 
280L 

' observed infrared and Raman bands, 
280fl., 473, 478 

ortho and para modifications, 53, 46 8i. 
potential constants, 159, 205f., 230, 282 
rotational constants, 48 8i. 
rotational energy levels: 
diagrams of, 470, 475, 477 
symmetry properties (over-all spe- 
cies), 51ff., 462 
sjatistical weights, 53, 465 
thermal dissociation, 528, 530 
thermodynamic functions, 508, 514, 

529 

vibrational energy level diagram, 207 
vibrational constants, 282 
vibrational perturbations in, 21 8i., 
266, 281 

zero-point energy, 282 
zero-order frequencies, 207, 229, 282 
H 2 O 2 , hydrogen peroxide: 

fundamentals and other infrared and 
Raman bands, 301 
geometrical structure, 5, 6 , SOU. 
internuclear distance, 489 
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H 2 O 2 (Cont.) : 

inversion doubling, 224, 302 
moments of inertia and rotational con- 
stants, 4S7 

Homogeneous perturbations, 378 
Homopolar bond, dipole moment of, 241 
Ho nl- London formulae for line intensi- 
ties of symmetric top, 4-26 

''Horizontal’^ plane of symmetry, ah, 4, 7 
H 2 S, hydrogen sulfide: 

Coriolis interaction in, 466 
force constants, 161, 170 
fundamentals, 283 

change in liquid and solid state, 535 
isotope effect, 229, 284 
isotopic exchange reaction with D 2 , 528 
moments of inertia, internuclear dis- 
tances and angle, 4^9 
observed infrared and Raman spectra, 

282 n. 

rotational constants, 4^9 
H 2 Se, hydrogen selenide, 161, 170, 229, 
287 

H 2 Se 03 , selenious acid, 336 
H 2 Se 04 , selenic acid, 342 
H2SO4, sulfuric acid, 342 
Hybrid bands: 

of asymmetric top molecules, 4^^ 
of symmetric top molecules, 334, 4 / 4 ? 
416, 427f., 435 

Hydrocyanic acid, see CHN and CDN 
Hydrogen bonding, 335, 532, 5S6i. 
Hydrogen cyanide, see CHN and CDN 
Hydrogen peroxide, see H 2 O 2 
Hydrogen sulfide, see H 2 S, HDS, D 2 S 

I 

i, center of symmetry, 2 ,. 256^. 

I, identity, 105 ^ 

I., infrared band, 274 
I, moment of inertia, 13, 370 
I, nuclear spin, fdff., 53 
/, point group, Ilf., 123, 140 
/n, 7 jl, intensity of scattered light polar- 
ized 1 1 or ± %o xy plane, 247f. 

/[o], moment of inertia of linear molecules 
for lowest vibrational level, 393, 395 fi. 

/a®, moments of inertia of parts of 
molecule carrying out torsional mo- 
tion or internal rotation, 226, 

I A, Ibj moments of inertia of symmetric 
top molecules, 22^., 31, 37, 226, 438, 
443f. • 


7 . 1 “, Ib^i effective moments of inertia of 
symmetric top molecules in lowest 
state, observed values, 4S6 L 
Ia^, /s®, moments of inertia of symmetric 
top molecules, in equilibrium posi- 
tion, 400, 436 

I Ay I By Ic, principal moments of inertia 
of asymmetric top moleclues, 44f., 
461, 609i. 

I A^y I B^y 7(7®, effective moments of inertia 
of asymmetric top molecules in low- 
est vibrational level, 4S8i. 
lA^y I j 5 ®, 7 ( 7 ®, moments of inertia of asym- 
metric top molecules in equilibrium 
position, 4^0f., 4S8f. 

I B, moment of inertia of linear molecule, 

.14 

I By moment of inertia of tetrahedral 
molecule, 38, 4^4^- 

Ij3^, moment of inertia of tetrahedral 
molecule in lowest state, 466 
le, moment of inertia of linear molecule 
in equilibrium position, 393, S95fl. 
Ih, point group, Ilf., 123, 140 
7m“, Imy moment of inertia and reduced 
moment of inertia of top carrying 
out free internal rotation, 511 
I X, ly, I z, moments of inertia about x, y, z 
axes, 232 

7 XX, 7 xy, ' ' ’ moments and products of 
inertia about axes through center of 
mass, 509 

I, I., I«, species of linear molecules, 127ff. 
Icosahedral group, Ilf., 140 
Identical potential minima: 

due to identity of atoms, 220, 22511. 
due to inversion, 220il. 

Identity, 7, 4y 105 

Identity of atoms, cause of identical po- 
tential minima, 220f., 225 fi. 

Identity of nuclei: 

effect on rotational energy levels: 
of asymmetric top molecules, /7;dT., 

4e2,466L . 

of linear molecules, 15 f., 372 
of spherical top molecules, .%’ff,, 1^51 
of symmetric top mole(nih\s, ;.’7ff., 
409n. 

effect on thermodynamic functions, 
507ff., 514 

Inactive fundamentals (vibrations), 
2391l., 243, 265 
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Inactive fundamentals (Cent.) : 

occurring as forbidden transitions, 328, 
364, 458 

from specific heat measurements, 328, 
337, 339f., S4Si. 

Individual molecules, vibration spectra 
of, 271^. (Chapter III, 3) 

Induced dipole moment, determines 
Raman activity, 24^^-, ^54 
Inertia, moment of (see also Moment of 
inertia), 13 

Infinite axis of symmetry. Si. 
Infinitesimal amplitudes, frequencies for, 
see Zero-order frequencies 
Infrared absorption spectra, 2S9fi. (Chap- 
ter III), Sroa. (Chapter IV) 
changes in liquid and solid state, 531 ff. 
(Chapter V,2) 

Infrared active, inactive fundamentals 
(vibrations), 2S9fi.j 249ii., 258fi. 
intensity of, 261 
number of, 258i. 

Infrared active, inactive overtones and 
combination bands, 261fi. (Chapter 
III,2d) 

Infrared activity, alternation of, in a 
progression, 262, 264 
Infrared bands (fine structure) : 

of asymmetric top molecules: 4^Sii. 
(Chapter IV,4b) 

dependence of structure on relative 
values of moments of inertia, .{71, 
472, 476, 477f., 480, 482 
examples, 473, 474, 478, 479, 483, 
486 

method of analysis, 4^4i^- 
series of doublets in, 4'^ 4^4 
of individual molecules, see under the 
specific molecules 

of linear molecules: 37 OH. (Chapter 
IV,lb) 

examples, 382, 383, 384, 385, 386, 
388 

method of analysis, SOOii. 
of molecules with internal rotations, 
496^., 499f. 

of symmetric' top molecules: 4^4^^- 
(Chapter IV,2b) 

examples, 419, 420, 422, 423, 427, 
430, 431 

influence of Coriolis coupling on line 
separation, 4^6fi. 
method of analysis, 464ii- 


Infrared bands (Cont.): 

of tetrahedral molecules, 46SS. (Chap- 
ter IV, 3b) 

examples, 454, 456, 457 
influence of Coriolis coupling on line 
separation, 4^4i- 

splitting of higher rotational lines, 
455fi. 

Infrared rotation spectrum: 

of asymmetric top molecules, 55i., 57, 
58f. 

of linear molecules, 19£. 
of molecules with free internal rota- 
tion, 4^S 

of symmetric top molecules, 29, 3 If., 
33f., 416 

of spherical top molecules, 41 
Infrared rotation-vibration spectra (see 
also Infrared bands) : 
of asymmetric top molecules, 4<5'5ff- 
(Chapter IV,4b) 

of linear molecules, (Chapter 

IV,lb) 

of molecules with free or hindered in- 
ternal rotation, 4^613.. (Chapter 
IV,5b) 

of spherical top molecules, 453&.. 

(Chapter IV,3b) 
of symmetric top molecules, 
(Chapter IV,2b) 

Infrared selection rules, see Selection 
rules 

Infrared spectra, see Infrared absorption 
spectra 

Infrared vibration spectra: 

classical, (Chapter III, la) 
of individual molecules, 271^. (Chapter 
III,3) 

triatomic, (Chapter III, 3a) 

four-atomic, 288^. ((Chapter III, 3b) 
five-atomic, 303^. (Chapter III, 3c) 
six-atomic, S2SU. (Chapter III,3d) 
seven-atomic, 336^. (Chapter lil,3e) 
eiglit-atomic, 342 E. (Chapter III,3f> 
nine-atomic, 352il. (Chapter III,3g) 
ton-atomic S56ii. (Chapter III,3h) 
eleven-atomic, 359U. (Chapter 

III,3i) 

twelve-atomic, 362ii. (Chapter 

III,3j) 

influence of Fermi resonance, 265i. 
quantum-theoretical treatment, 249^. 
(Chapter III,2) 
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Infrared vibration spectra (Cont.) : 
selection rules, £49, £521, £56fi., £62 

Instantaneous axis of rotation: 
of asymnaetric top, 43 
of spherical top, 38 
of symmetric top, 23f. 

Intensity: 

absolute, of infrared and Raman bands, 
£61, 265 

''borrowing” of, in Fermi resonance, 
£65i. 

of difference bands, £66-&. 
of fundamentals in infrared and Raman 
spectrum, 2^.0, 251, 254, £59E. 
of overtone and summation bands, 241, 
260, £651. 

Intensity alternation: 

absence for unsymmetric isotope sub- 
stitution, 8821. 
in infrared spectrum: 

of asymmetric top molecules, 59, 
469, 474fl-* 4791., 482 
of linear molecules, 38£, 38S, 387, 388 
of molecules with free or hindered 
internal rotation, 500 
of symmetric top molecules, 32, 418, 
430, 431, 43£1. 

in Raman spectrum of symmetric top 
molecules, 35f., 444 
in rotational Raman spectrum of linear 
molecules, 20 

Intensity distribution: 
in infrared bands: 

of asymmetric top molecules, 471, 
479 

change in liquid state, 532 
of linear molecules, S81&., 385, 391 
of spherical top molecules, 453f . 
of symmetric top molecules, 418, 
421f., 425f. 

in a progression of overtone bands, 
2641. 

in Raman spectrum of linear molecules, 
399, 533 

in rotation spectrum: 

of asymmetric top molecules, 56 
of symmetric top molecules, Sit, 
36f., 41 

Intensity factors, for symmetric top mole- 
cules, 422 , 426 

Intensity ratio of Stokes and anti-Stokes 
Raman lines, £51 

Interaction constants, 187, 192 


Interaction of rotation and vibration, 
S70n. (Chapter IV) 
for asymmetric top molecules, >^6‘(9ff. 
(Chapter IV,4a) 

cause of occurrence of forbidden transi- 
tions, 4561. 

due to Coriolis forces, see Coriolis inter- 
action 

for linear molecules, 370^. (Chapter 
IY,la) 

for molecules with free internal rota- 
tions, 494 

neglect of, in thermodynamic func- 
tions, 503, 505,- 513, 521 
for spherical top molecules, 446^. 
(Chapter IV,3a) 

for symmetric top molecules, 40011 . 
(Chapter IV, 2a) 

wave mechanical treatment, 3751. 
Interaction of vibrational and rotational 
angular momentum, 402 
Interaction of vibrations, 20111. (Chapter 
11,5) 

Intercombinations, prohibition of, see 
Prohibition and Symmetry selection 
rules 

Intercomparison of force constants in 
different molecules, 19211. (Chapter 
II, 4f) 

Intermolecular forces, 334f., 5SM. 
(Chapter V,2) 

causing violation of selection rules, 
346, 364, S66 

"Internal” coordinates, solution of secu- 
lar equation in, 14211 . 

Internal energy, €int, 501 1. 

Internal entropy and free energy, 51911. 
Internal partition function, 5021,. 509, 
529 

Internal rotation, free or hindered, mole- 
cules with, 220, 343, 356fL, 49111. 
(Chapter IV, 5) 

chemical equilibrium, 527, 530 
energy levels, 49111. (Chapter IV, 5 h) 
entropy and free energy of, 524, 525 f. 
heat capacity and heat content of, 517, 
51 8f. 

partition functions for, 51011. 
rotation vibration spectrum, ^.96‘ff. 

(Chapter IV,5b) 
symmetry number, 510f. 

Internal vibrational angular mornentum, 

494 
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Internuclear distances: 

in asymmetric top molecules, Ji.89 
in linear molecules, 21, 174, 395^. 
in isotopic molecules, 396i., 4^8 
in symmetric top molecules, 400, 438E. 
in tetrahedral molecules, 4^6 
Intersections of curves: vibrational fre- 
quencies versus mass, 300, 315f. 
Invariable plane of asymmetric top, 4^} 
43f. 

Invariance: 

of bond or group frequencies, 
of force constants in different mole- 
cules, 193S. 

of potential energy to symmetry opera- 
tions, 94i., 104 

of Schrodinger equation to symmetry 
operations, 104 

Invariants of polarizability tensor, 347 
Inversion, 3, 15. 25, 98, 107 

behaviour of degenerate vibrations 
with respect to, 97i., 100 
Inversion doubling, 36L, 330i£., 393f£., 
411f£. 

absence for planar molecules, 27, 51, 
220, 465 

of asymmetric top molecules, 51, 55, 
465 

effect on thermodynamic functions, 512 
without effect on total statistical 
weight, 413, 451, 466 ' 
eigenfunctions for, 331, 222f. 
influence on infrared and Raman spec- 
trum, 257, 416, 422, 423f. 
selection rules for, 356fi., 416, 469, 490 
in symmetric top molecules, 36i., 31, 
411, 412f. 

in tetrahedral molecules, 451^ 453 
Inversion spectrum, 367, 416 
I Os”, iodate ion, 302f. 

I 04 ~, periodate ion, 322 
Irreducible representations of a point 
group (see also species), 104^^-, 108f., 
130, 336 
Isomers, 3301. 

optical, 26, 330, 334^-, 347 
rotational, 346S. 

Isomorphous point groups, 114? 120, 122 
Isotope effect: 

rotational, 396&., 438 
vibrational, 337fi. (Chapter 11,6) 
for small mass difference, 331, 334^^ 
for axial XYZa, ^S^f. 


Isotope effect (Cont.) : 
vibrational (Cont.) : 

influence of anharmonicity, 338&., 
333 

information abou^ geometric struc- 
ture from, 338 
for planar X 2 Y 4 , 33Si. 

Teller-Redlich product rule, 331Si. 
for tetrahedral I 5 CY 4 , 335i. 

■ for triatomic molecules, 338&. 
use for correlation of observed vibra- 
tional frequencies, 338, 233f. 
use for determining force constants, 
337t 

Isotopic exchange reactions, 538 

Isotopic molecules, same force constants 
(potential function), 159ff., 337, 333 

J 

j = 81 

J, total angular momentum 

of asymmetric top molecules, 44 
of linear molecules, 16f. 
of spherical top molecules, 38 
of symmetric top molecules, 33&., 26 

J, quantum number of total angular mo- 
mentum (and selection rules for) : 
of asymmetric top molecules, 44 f-» 66, 
69, 468, 490 

of linear molecules, I4, 19i., 371, 380’S.., 
398i. 

of molecules with free internal rota- 
tion, 492, 498 

of spherical top molecules, 38, ^Jff., 
453, 458 

of symmetric top molecules, 34S., 39, 
33, 34, 414, 441 

J', J"{^ J), rotational quantum num- 
bers of upper and lower states, 19, 
31, 381 

J'4>, rotational quantum numbers of 
upper and lower states for asym- 
metric top molecules, 485ff. 

Jahn’s rule for Coriolis interaction, 376, 
414, 447, 458, 466 

Jui)iter, CH 4 bands in spectrum, 307 

K 

k, Boltzmann constant, 19, 501, 521, 638 

k, quantum number of component of 
angular momentum about figure axis 
of symmetric top (with sign), 34, 492 
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k, ksy valence force constants for tetra- 
hedral XY4 molecules, 181&., 189 
kij ^2, quantum numbers of angular mo- 
mentum of parts 1 and 2 of a mole- 
cule with internal rotation about 
figure axis, 510 

ki, &2, k'y central force constants for tetra- 
hedral XY4 molecules, 16SS., 189 
ki, ks, valence force constants for non- 
linear and linear XY2, 168f., 172, 186 
^ 1 , ks, valence force constants for pyra- 
midal XY3, 175&., 187L 
ki, kz, ks, valence force constants for 
linear XYZ, 17SL 

ki, kzt ks, valence force constants for 
linear symmetric X2Y2, 180i. 
ki, ks, kA, valence force constants for 
planar XY3 molecules, 178f. 
ki, kz, ks, ks', lb A, valence force constants 
for planar XYZ2 molecules, 179, 
200f. 

kx, kz, ks, ks', k^, potential constants for 
planar X2Y4 molecules, 183^. 
kxz, interaction constant of the tyvo bonds 
in XY2, 186L 

kx', ks', interaction constants for pyra- 
midal XY3 molecules, 187i. 
kx2, ks', interaction constants for linear 
symmetric X2Y2 molecules, 188i. 
kz, ks', force constants for non-linear XY2 
with Y— Y bond, 172 
ki, integrated absorption coefiftcient, 261 
kij, force constants, 7 Si., 204, 206 
kx, ky, force constants, 62 

kxi, force constants, 68i., 73f., 141i., 
145 

K, component of total angular momen- 
tum of symmetric top in figure axis, 
2SL, 26, 403 

K, quantum number of component of 
angular momentum about figure axis 
in sypametric top, 24^., 400, 403f. 
selection rule for, 29, 32, 60, 414 , 44 I 
K degeneracy of symmetric top mole- 
cules, 24 , 27, 494 

K fine structure of 11 bands, 424, 4S4, 477 
X-type doubling, 44 L, 49, 56, 1^09t, 414 
= I All, Kz == 1 ^ 2 !, quantum numbers 
of angular momenta of parts 1 and 2 
of a molecule with free internal rota- 
tion, 4^8 

Ki, quantum number of internal rotation, 
494 , 497 , 510 


Xj,, equilibrium constant of a gas reac- 
tion, 5261S.. 

calculated and observed values: 
for the water-gas reaction, S29 
for reaction C 2 H 6 C2H4 H- H 2 , 530 

K, parameter in energy formulae of asym- 

metric top, 47i- 

Kinetic energy of molecule, 7Si., 204 
in terms of central force coordinates, 
I43L 

in terms of symmetry coordinates, 
147i. 

L 

I, vibrational angular momentum in 
linear molecules, 380 
Z-type doubling, in linear molecules, S77i., 
393, 451 

effect on spectrum, 387, 390, 393 
determination of magnitude, 391 
I, number characterizing degenerate vi- 
brations of different species, 8.9ff., 
96, 126, 128 

Z-splitting, 211, 219, 405 
I, U quantum number of vibrational angu- 
lar momentum in linear molecules, 
128, 211L', 371, 379f. 

I, h, h, hi equilibrium internuclear dis- 
tances, 141, 143, 154, 166, 169, 173ff., 
180ff. 

+ I, — I levels, 403f., 407f., 415 , 429, 441 , 
443 

k, quantum number of doubly degenerate 
vibrations, 81, 128, 21ok., 264 
li, not representing vibrational angular 
momentum for non-linear axial mole- 
cules, 215 

li, degeneracy, splitting of, 211, 219, 405 

L, quantum number of resultant vibra- 

tional angular momentum of linear 
molecules, 21 2 

Lf, Ly, heat of fusion and vaporization, 
523 

\i, roots of secular determinant 
(= 47rW), 73L, 76, 140, 204 
A, A, electronic angular momentum of 
linear and diatomic molecules about 
internuclear axis and its quantum 
number, 23f., 112, 380 
A-type doubling, 44, 377 
Laguerre polynomials, 81 
Lattice vibrations in Raman spectrum, 
537 
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Light, velocity of, 160, 538 
Limitations of concept of bond-stretching 
and -bending vibrations, 1991S.,, 31 St. 
Limitations of concept of normal vibra- 
tions, BOltt. (Chapter 11,6) 

Limiting force fields, 146 
Linear combinations of symmetry co- 
ordinates, 146 

Linear combination of mutually degener- 
ate vibrations (normal coordinates, 
eigenfunctions), 75, 81, 86t., 91, .%*f., 
104 

Linear molecules: 

bond-bending and stretching vibra- 
tions in, 197 

centrifugal distortion in, 14t., 371 
Coriolis interaction in, S73&. 
degrees of freedom, 6 It. 
effect of anharmonicity on vibrational 
levels, 21 It., 213 

forming asymmetric top in displaced 
position of J_ vibrations, 377 
infrared rotation spectrum, 19t. 
infrared rotation-vibration spectra, 
379it. (Chapter IV, lb) 
analysis of observed bands, 5,90ff. 
interaction of vibration and rotation, 
S70E. (Chapter IV, la) 

/-type doubling in, 377t., 390t., 393 
moments of inertia and internuclear 
distances, 14, 21, 371f., 393, 39Stt. 
numbers of vibrations of each spc<nes, 
137, lS9t. 

II u — Ilff bands of, 389f. 
ir„— bands of, S84, 387 f. 
perturbations in, S78t. 

])oint group of, 7, 9, 13 
proof of linearity from fine structure of 
rotation-vibration bands, 384, 388 
Raman rotation si)e(;tra, 20i. 

Raman rotation-vibration si)C(d.ra, 
39St. (Chapter IV, Ic) 
rotational constants ai, 372it. 
rotational constants Bto], Bcn], 14, 
20, S70f., 378f., 390f., 3.93, 39Sf. 
rotational energy levels, 14, 15, 370ff. 
(Chapter IV, la) 

symmetry properties and statisticuil 
weights, IStt., 372, 373 
thermal distribution, 18t. 
rotational entropy and free energy of, 
521t. 


Linear molecules (Cont.) : 

rotational heat content and heat ca- 
pacity, 613 

rotational partition function of, 606, 
607E. 

rotation and rotation spectra, ISfi. 

(Chapter 1,1) 
selection rules; 

for rotation spectra, Jf.9f, 
for rotation-vibration spectra, 37 9t., 
398t. 

S — S bands of, S80&. 
species of higher vibrational levels, 
126E., 128f., 211, 213 
species of normal vibrations and eigen- 
functions, 112 , 118t. 

Linear momentum, 133f. 

Linear momentum operator, 208 
Linear transformation, 73, Sffff. 

Linear XYg, X 2 Y 2 ■ * • molecules, see 
XY 2 , X 2 Y 2 • • • 

Linearly polarized incident light in 
Rayleigh and Raman scattering 
247t., 270 

Line-like Q branch, 387, ^77, 4I8, 434t., 
428 t., 442f., 458, 491, 497 
Line strengths for asymmetric top mole- 
cules, 56, 477 

Line strengths for symmetric top mole- 
cules, 32, 37, 421t., 426 
Liquid state, » 

(ihanges of vibration spectra in, 334f., 
337, 634t^. (Chapter V, 2) 
nature of, 631tt. (Chapter V,2) 
new infrared and Raman bands in, 
634.tt. 

rotation of molecules in, 446, 631^. 
Lissajous motion, 62, 63 f., 66 
on potential surface, 203i., 209 
Ijoug chain molecules, 199, 526 

M 

■m, mass of electron, 538 
m., medixim intensity, 274 
m, mim!)er of sets of nuclei not on any 
element of symmetry, 132E., 135ff., 
232 

in, running number in formula represent- 
ing P and R branch, 381, 454 
Wo, number of sets of nuclei on all ele- 
ments of symmetry, 132^., 139 
mi, m2, niz, ’ • ' masses of atoms, 141, 232 
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OT 2 , rrii, ms, • • • number of sets of 
nuclei on two-, three-, four-, • • • fold 
axes, 134} 

mdf mh, rrivt number of sets of nuclei on 
planes era, o'®, 139, 232 

mxe, myz, numbers of sets of nuclei on 
planes (Xvi^z), cr.„{yz), 1S2S.. 
mx., mYf • • • masses of atoms X, Y, • • • , 
134 

M, electric dipole moment, 32, 240, 261^., 
2581 

M, magnetic quantum number, 26, 406 
ikf, total mass of molecule, 152, 232 
M®, dipole moment in equilibrium posi- 
tion, 240 

Ml, 1/16 of mass of atom, 160, 538 
dipole moment of 1—0 transi- 
tion of vibration Vi, 261 
Mk, normalization constant, 72, 75 
CM3"”*, C-^3“ ^ niatrix element of di- 
pole moment, 252 

• • • matrix elements 
of components of dipole moment for 
a vibrational transition, 259E. 

Mx, My, Mg, components of dipole mo- 
ment, 240 , 251&., 414 
species of, 252i. 

IX, abbreviation for mx/2mY, 152, 154, 190 
IX, determinant related to effective mo- 
ments and products of inertia, 208 
lixx, ixxy, • • • elements of determinant 11 , 
208 

Magnetic dipole moment, 239 
Magnetic quantum number, 26 
Magnitude of total angular momentum 
J and its component K, 26 
Mass of atom of unit atomic weight. Mi, 
160, 538 

Mass of electron, 538 
Matrix: 

of dipole moment, 251 
of induced dipole moment, 254 
Matrix elements: 

of components of polarizability tensor, 
254, 258f., 266, 269f., 441} 490 
of the electric dipole moment, 32, 56, 
252, 266, 414 

of perturbation function, 215i., 218i. 
Maxwell-Boltzmann distribution law, 
.501, 512 

Mechanical anharmonicity, 241, 246 
Mechanical models for solution of vibra- 
tion problem, 157ff. 


Meekers sum rules, 40 I., 52, 59, 461, 4^5 
Methane, see CH4 and CD4 
Methanol, see CH4O and CH3DO 
Methyl acetylene, see C3H4 
Methyl alcohol, see CH4O and CH3DO 
Methyl chloride, see CH3CI 
Methyl cyanide, see C2H3N 
Methyl derivatives of benzene as isotopes 
of benzene, 235 

Methylene chloride, see CH2CI2 
Methyl halides, see under CH3F, CHsBr, 
CH3CI, CH3I, CD3CI, CDsBr 
Methyl isocyanide, see C2H3N 
Minors of secular determinant, determine 
form of normal vibrations, 70, 74, 
142, 145, 160, 153, 157 
Missing lines in 11 — 11 and n — X bands of 
linear molecules, 387, 390 
Missing lines in sub-bands of |1 and JL 
bands of symmetric top molecules, 
418, 426 

Mixing of bond-bending and bond- 
stretching vibrations, 201 
Mixing of eigenfunctions in perturbations 
(Fermi resonance), 215^., 266, 379, 
456 

Mixture of valence and central forces, 187 
Model of potential surface, 202 
Models, mechanical, for study of molecu- 
lar vibrations, 64^^, 157E. 

Modes of vibration, determination of, 
iSlff, (Chapter 11,4) 

Modifications, non-combining: 

of asymmetric top molecules, 53fl., 

468i. 

effect on thermodynamic functions, 

6081., 514 , 522 

of linear molecules, 17i. 
of symmetric top molecules, 29, 415 
of tetrahedral molecules, 40 ^-, 463 
Molar heat capacity, 612i. 

Mole, number of molecules in, 538 
Molecular models, study of vibrations by 
means of, 64f., 157i. 

Molecular rotation in liquids and solids, 
63 m. 

Molecular vibrations in liquids and solids, 
634 ^. 

Momental ellipsoid, 13, 22, 37, 51, 243f. 
Moments of inertia, 13i. 

of asymmetric top molecules, 44f., 

4881., 6091. 

change during vibration, S70i., 400, 461 
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Moments of inertia (Cont.) : 

effect on thermodynamic functions, 
505f., 509f., 521, 527 
influence on vibrational isotope effect, 
23 m., 238 

of linear molecules, 14, 21, 393, S95f. 
numerical factor in, 338 
principal, 13 

of symmetric top molecules, 24, 34, 
436t 

of tetrahedral molecules, 454^. 

Moment of momentum, see Angular mo- 
mentum 

M0O4 , molybdate ion, 322 

Multiplication of species and characters, 
124fi., l‘39f., 407, 449, 462, 466 

Multiple excitation of a degenerate vibra- 
tion, species of resultant states, 
12SS. 

Mutual exclusion, rule of, 236fi. 

Mutually orthogonal, 72, 85, 95, 99, 108 

N 

7 h, number of minima for torsional oscilla- 
tions, 2261., 511 

N, = Nch., Avogadro number, 512, 519, 
321, 538 

Ni, N 2 , Ns, ' • • Nk, nuclei in axial mole- 
cules, 85ff. 

Ni, N 2 , • • • Nn, number of molecules in 
state 1,2, • • - n, 501, 512 

Na, number of molecules in a mole, on 
Aston’s scale, 538 

Nj, number of molecules in state J, 
18, 40 

N j,K, number of molecules in state J, K, 
29f. 

Nvi, normalization constant in oscillator 
eigenfunction, 78f- 

*'x> irerpendicular vibration of linear 
molecules, 384 

Po, zero lines of bands (band origins): 
of linear molecules, 381, 384, 1^91 
of symmetric toi) molecules, 313, 419, 
424, 4f^8, 42SL, 432f., 443 
origin of sub-band, 41 !^ 8L, 424 ^-, 
42i9L, 433, 448 

vx, V'l, Vs, • • • Vi, fundamental frequencies: 
as distinguished from zero-order fre- 
quencies, 2(}(>ii., 211 
use of, for determination of quadratic 
j)otential constants, 100, 206 


vi, V2, Vs, • • • valence (bond-stretching) 
vibrations, 194, 272 

^v, H, • - • doubly, triply degenerate 
stretching vibrations, 272 
•J'air, vacuum, wavc number in air and 
vacuum, 272 
A.V, Haman shift, 231 
vO'>, isotopic frequencies, 229f. 

Vi(ai), Vi(bx), — non-degenerate vibra- 
tions of species Ai, Bi, ■ - - , 272 
Vi(e), Vi(Tr), doubly degenerate vibrations 
of species E, II, 272 

vi(fi), Vi{f%), triply degenerate vibrations 
of species Fi, Fz, 272 
vf^, v'ia^'^, v^^^, vibra- 

tions of equilateral X3 and their 
transformations, 84ff., 97i. 

J, PH2, ^ CH2, CH3, • • • deforma- 

tion vibrations (see also under CH2, 
CHs, •• •), 272 

C— C, O— H, ... 
stretching vibrations, (see also under 
C— C, G— H, ...), 272 
V,,, v„, parallel and perpendicular stretch- 
ing vibrations, 272 
Ng", azide ion, 287f. 

Natural incident light in Rayleigh and 
Raman scattering, 247, 270f. 

Nature of liquid and solid state, 3 3 IE. 

(Chapter V,2) 

NDg, heavy ammonia: 

Ax, Az, and E modifications, 415 
difference bands involving the levels 
Vzvz, 297 

force constants, 164, I'll 
form of normal vibrations, llOf., 177 
fundamentals, 29/^1. 
internuclear distances and angles, 469 
inversion doubling, 224 , 297 
moments of inertia and rotational con- 
stants, 34, 487i. 

observed infrared and Raman spectra, 
33, 294E., 437 

rotational levels, symmetry properties 
and statistical weights, 4i2i. 

N-iDB"*", N2 Dg“'"^, lieavy hydrazinium 

ions, 342, 350 

Nearly symmetric top molecules: 

analysis of infrared bands and deter- 
mination of rotational constants, 
434, 484 

II bands of, //7if., 475 
JL bands of, 428, 4 I 8 E. 
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Nearly symmetric top molecules (Cent.) : 
deviations from symmetric top largest 
■ for small if, 49, 484 
energy levels, 45, 48, 49 
Raman bands of, 441^ • 

Necessary degeneracy, 98, 125, 210, 401 
Necessary, elements of symmetry, 106i., 
113, 116, 124, 131 
Negative rotational levels: 

of asymmetric top molecules, SOL, 465, 
469, 4QQ . ' 

of linear molecules, 15, 19L, 372, 380, 
399 

of symmetric top molecules, $6, 29, 
406,415 

Negative sub-bands of a _L band, 4^4^- 
Negative vibrational levels in inversion 
doubling, 223, 257, 295, 413, 451 
Neptune, CH 4 bands in spectrum of, 307f. 
NFs, nitrogen trifluoride, 302 
N— H bond, force constant, 193, 196 
N — H distance, 469 
N — H frequencies (vibrations), 19S&. 

NH radical, 193 
NH 3 , ammonia: 

A and E (ortbo and para) modifica- 
tions, 41^ 

combination relations between near 
and far infrared spectrum, 434 
energy levels V2V2, 397 
form (species) of normal vibrations, 
110, 139, 177 
fine structure: 

of infrared bands, 422, 423f., 43 4L 
of Raman band in aqueous solution, 
SSI 

force constants, I64, 177 
fundamentals, 294L 
influence of anliarmonicity for de- 
generate vibrations, 214 
infrared rotation spectrum, 33, 294, 

295, 416, 437 

internuclear distances and angles, 228, 

296, 439 

inversion doubling 221^., 29Si., 297, 
41 6, 437, 512 

inversion spectrum (absorption of short 
radio waves), 257, 416 
moments of ineitia and rotational con- 
stants, 34, 437L 

observed infrared and Raman bands, 
294{1. 


NHs (Cont.): 

proof for pyramidal (Csu) structure, 
SSL, 36, 294 
rotational levels: 

symmetry properties and statistical 
weights, 28, 406, 411, 412f. 
thermal distribution, 30 
rotational Raman spectrum, 35, 36f., 
294 

splitting of li degeneracy, 219, 297 
stretching and bending vibrations, 197 
sub-bands of overtone and combina- 
tion bands, 297 

thermodynamic functions, 512, 514 
NH 4 +, ammonium ion, 167, 182, 322 
N 2 H 4 , hydrazine, 336 
N 2 H 5 +, NsHe"^, hydrazinium ions, 342, 
350 

N 3 H, hydrazoic acid, 105, 302, 428 
fine structure of photographic infrared 
bands, 427f., 434f. 

internuclear distances and angles, 439 
moments of inertia and rotational con- 
stants, 437 

NIl 4 Br, Nil 4 Cl, ammonium bromide and 
chloride, solid, free rotation of NH 4 '^ 
in, 532f. 

NHD 2 , NHaD, heavy ammonia, inver- 
sion doubling, 224, 297 
Ni(CO) 4 , nickel tetracarbonyl, 356, 451 
Nine-atomic molecules, observed spectra 
of individual molecules, (Chap- 

ter III,3g) 

Nitrogen peroxide, see NO 2 
Nitrous oxide, see N 2 O. 

N — N distances in N3H, 439 
N 02 “, nitrite ion, 287f. 

NO 2 , nitrogen peroxide: 
force constants, 161, 170 
fundamentals and other infrared l>an(lH, 
284L 

non-linear structure, 284L 
rotational levels, 53, 462 
NOs", nitrate ion, 178, 302f. 

N 2 O, nitrous oxide : 
entropy and free energy, 523, 534 
Fermi resonance, 27 7f. 
fine structure of infrared fundamental 
Pi, 382 

force constants, 174 
fundamentals, 277i., 382 
heat capacity, 515, 516 
identical potential minima, 22 ()f. 
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NiiO (Cent.) : 

internuclear distances, S98 
linear unsymmetrical structure, 277, 
288, S54 

observed infrared and Raman spectra, 
277f. 

rotational constant and moment of 
inertia, S96 

vibrational constants (zero-order fre- 
quencies), 278 
N 2 O 4 , nitrogen tetroxide: 
force constants, ISJ/., 186 
fundamentals, 184, 336 
statistical weights of rotational levels, 
5S^., 462 

two non-combining modifications, 55, 
469 

N 2 O 6 , nitrogen pentoxide, 345 
Non-combining modifications, see Modi- 
fications 

Non-crossing rule of vibrations of the 
same species, 200f., 238, S19f., 332 
Non-degenerate species, lOSfi., 109 
characters of, 108L 

correlation for different point groups, 

23eL 

number of vibrations for, ISl^. 
Non-degenerate vibrational states, rota- 
tional energy levels in, 372f., 400i,, 
408, 44ei. 

Non-degenerate vibrations: 

behaviour with respect to symmetry 
operations, 82i. (Chapter 11, 3a), 94 
eigenfunctions, 79, lOH., 209 
energy formulae, 77i., 2051., 208 
influence of anharmonicity, 201^. 
(Chapter 1 1, 5a) 

number of, of each species, jf^Jfff. 
species (types) of, 105K. 

of higher vibrational levels, 124i- 
zero-point energy, 78, 206 
Non-genuine normal vibrations (see also 
individual point groups), 69, 72, 77, 
105ff., 140, 232 

degenerate, 90f., 92ff., .96*f., llOf., 122 
number of, lS2i., 135 
Non-linear motion: 

in degenerate normal vibrations, 75f,, 
402f. 

in normal vibrations on account of 
Coriolis coupling, 375 
Non-linear rigid molecules, thermody- 
namic functions, 509, 5 IS, 5211. 


Non-linear triatomic molecules, vibra- 
tional energy level formula, 77f., 
205L 

Non-linear XYg molecule, see XY 2 
Non-linear XYZ molecule, see XYZ 
Non-planar molecules, inversion doubling 
in (left and right forms of), 26i., 31, 
50f., 220fl., 256f., 406 
Non-rigidity, see Centrifugal distortion 
Non-symmetrical deformation and 

stretching vibrations, 353, 355, 360 
Non-totally symmetric Raman bands: 
fine structure of, S99, 44^^‘i 4SSi., 46 I 1 
broadness and low intensity of, 277, 
399, 444f 445f., 532 
depolarization of, 270i. 

Normal coordinates, 62, 70f., 75f., 204 
antisymmetric, occurring only with 
even powers in potential function, 
205 

complex, 98f. 

for degenerate vibrations, 80i., 85 f., 99 
polar, 80i. 

relation to symmetry coordinates, I 46 , 
160, 153 

time-dependence of, 70, 74, ^05 
Normal frequencies (see also individual 
molecules and molecular types XY 2 , 
and so on), 68i., 77, 140i., 144, 167 
are emitted or absorbed frequencies, 
2S9 

formulae and observed values: 

for linear XY 2 molecules, 172i., 187 
for linear symmetric X 2 Y 2 , 180i., 1 89 
for linear XYZ molecules, 17 Si. 
for non-linear XY 2 , 14^^-, 160i., 169, 
187 

for planar XYg molecules, 178 
for planar X 2 Y 4 molecules, 18Si. 
for planar XYZ 2 , 180 
for pyramidal XYg, 16Si., 176, 188 
for tetrahedral XY 4 molecules, 166f., 
182 

Normal modes of vibration, see Normal 
vibrations 
Normal vibrations: 

amplitudes, 67, 69, 1 72 
behaviour with respect to symmetry 
operations, 65, 82ii. (Chapter 11,3) 
classical theory, 6 *iff. (Chapter 11,1) 
definition, 66i., 76 

degenerate, see Degenerate normal 
vibrations 
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Normal vibrations (Cont.) : 

designation of, 124:f., 163, 27 li. 
determination of, 69, 1S1-&. (Chap- 

ter 11,4) 

effect of anharmonicity on, 204^. 
form of (see also individual molecules 
or molecular types XYg, XYa, 

for triatomic molecules, 66f., 84, 85, 
87, 112, 1/4, 175 

for four-atomic molecules, 65ff., 91, 
92 , llOf., 157, 177, 181, 292 
for five-atomic molecules, 92, 93, 
99, lOOL, 113, 122, 304, 314, 

318 

for six-atomic molecules, 91, 93f., 
107f., 324, 331f. 

for more-than-six atomic molecules, 
llSf., 118, 122f. 

genuine, 69, 72, 77, 92, 135 

limitations of concept, 20 IE. (Chapter 
11,5) 

mathematical representation, 67E, 
of molecules with free internal rota- 
tions, 494 

nature of, 6 IE. (Chapter 11,1) 
non-degenerate, see Non-degenerate 
vibrations 

non-genuine (null vibrations), see Non- 
genuine normal vibrations 
number of, of a given species, 131E. 

(Chapter II,4a), 258 
orthogonality of, 70E., 95f. 
relative velocities of nuclei in, 67, 69 
representation on potential surface, 204 
small letters as species symbols for, 
124t 

species of, I04E.. (Chapter II, 3d) 
superposition of, 67, 70f., 74 
Normalization : 

of harmonic oscillator eigenfunctions, 
78f. 

of normal vibrations, 72 
Normalized normal vibrations (coordi- 
nates), 72, 95 

Normalized to unity, 75, 204, 377 
Nuclear quintet and singlet levels (modi- 
fications) of tetrahedral molecules 
(see also A and E rotational levels), 
39 

Nuclear spin: 

contribution to entropy and free en- 
622 


Nuclear spin (Cont.) : 

contribution to partition functions, 
507E. 

effect on heat capacity and heat con- 
tent, 6 14 

influence on chemical equilibrium, S27 
influence on rotational levels : 

of asymmetric top molecules, SSE., 
462, 455i. 

of linear molecules, 16E., 372 
of spherical top molecules, 39i., 44^^- 
of symmetric top molecules, 27E., 
Z7,4p9E. 

Nuclear spin factor in rotational parti- 
tion function, 509, 522 
Nuclear spin function, 409i., 461, 4^2, 4^5 
Nuclear statistics, influence on rotational 
levels: 

of asymmetric top molecules, 63i., 4()2, 
465 

of linear molecules, 16E.., 372 
of symmetric top molecules, 28, 409E. 
Nuclear triplet levels (modifications) of 
tetrahedral molecules (see also F 
rotational levels), 39 

Null-vibrations (see also non-genuine 
normal vibrations), 69 
Number of non-genuine vibrations, 69, 
1S2L 

Number of normal vibrations of a given 
species, 131fi. (Chapter II, 4a) 
Number of nuclei, expressed in terms of 
sets of nuclei, 

Numbering of fundamental vibrations, 
163, 271L, 288 
Nutation: 

of figure axis of symmetric top, 23f. 
of symmetry axes (principal ax('s) for 
asymmetric top, ]^2, 43 

O 

O branches in Eaman bands of linejir and 
symmetric top molecules, 399, 

O, point group, 9, lOf., 451 
selection rules for, 253, 256 
species and characters of, Wli., 126f., 
129, 140 

O'^, 0°, 0~ branches of Raman hands of 
tetrahedral molecules, 469 
Oh molecules, numbers of vibrations of 
each species, 139 

Oh point group, lOff., 38, 451, 508 
selection rules for, 253, 270f. 
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Oh point group (Cont.) ; 
species and characters of, 122 i., 126f., 
127 

w, instantaneous angular velocity of 
asymmetric top, 43 

w, angular velocity of rotating coordinate 
system, 374 

wi, C 02 , W 3 , • • • Wi, vibrational frequencies 
for infinitesimal amplitudes (zero- 
order frequencies), 206S.,j 210 E., 
228ff., 232ff., 371 

coi®, C 02 ®, 0 ) 3 ®, • • ■ coi®, vibrational con- 
stants, 206&., 211, 264 
03 i, vibrational frequency in cm“^, 77 
03^^^, vibrational frequencies of isotopic 
molecules, 22 ^f., 232ff. 

03t, torsional frequency, 226L 
03x, o 3 y, 03z, components of angular ve- 
locity 24, 26 
O 3 , ozone: 

force constants, 287 
geometrical structure, 286^. 
observed infrared spectrum and funda- 
mentals, 286, 286f. 
thermal dissociation, 530 
Oblate symmetric top, 24 I., 45, 412 
Observed vibration spectra, of individual 
molecules, 271E. (Chapter III, 3) 
Octahedral molecules as spherical tops, 38 
Octahedral' point groups, 9i., 121 f. 

OD 2 , O 2 D 2 , see D 2 O, D 2 O 2 
OG rotational levels of asymmetric top 
molecules, 52 

Off-diagonal matrix elements of (induced) 
dipole moment, 252, 254 
O — H bond, dipole moment of, 265 
force constant, 19,3, 196 
O — H distance, 4^9, 498 
OH radical, 193, 280, 489 
O — H stretching and bending vibrations, 
195^., 834 

effect of hydrogen bonding on, 586 
OH 2 , O 2 H 2 see HaO, H 2 O 2 
O — O distance in H 2 O 2 , 4^9 
00 rotational levels of asymmetric top 
molecules, 52 

Operator method of setting up the wave 
equation, 208 

Optical isomers, 26, 220, 224f‘, 347 
Origin of bands: 

of linear molecules, 881, 384, 8,91 
of symmetric top molecules, 419, 424, 
426, 429 , 432f., 443 


Origin of sub-band, 418i., 4^4^’i 4^91., 
433, 44s 

Orthogonal transformation, 54f., 99, 104 
Orthogonality of normal vibrations and 
eigenfunctions, 70ff., 951, 260 
Orthogonal to each other, 72, 85, 95, 99, 
108 

Ortho modifications of symmetric mole- 
cules, see Modifications, non-com- 
bining 

Ortho para rule, 382 
Oscillation frequency, classical (see also 
Vibrational frequencies), 77 
Oscillations, simple harmonic, 62i. 
Over-all species, 51, 55, ^07ff. 

of the lowest rotational levels for vari- 
ous vibrational levels: 
in C^v, C^h, C 2 , Vh, V, molecules, SO, 
511 , 462, 463 , 4641 , 470 , 475 , 
477, 480, 481 

selection rules for, dS'S.., 408i., 490 
in Czx molecules, 261, 407, 408 
selection rules for, 29, 415, 441 
in Dzh, Dzd molecules, 261, 4081 
selection rules for, 415, 441 
in linear molecules, 16, 872 

selection rules for, 16i., 19, 380, 
399 

in Td molecules, 39, 449, 4501 
selection rules for, SOL, 453, 458 
Overtone vibrations (bands): 
infrared activity, 239, 24 I, 261fi. 
Raman activity, 2451., 261^. 
sub-bands of, for degenerate vibra- 
tions, 264 
Ozone, see O 3 

P 

p-fold axis of symmetry, 2i., 83 
p-fold rotation-reflection axis, 4 
p, pressure, 519ff. 

p, vibrational angular momentum, 4OSL, 

447 

PA, pji, • * • Pa', PB't * * • partial pressures 
of A, B, — A', ••• in a gas 

reaction, 526 
Pc critical pressure, 524 
pk, linear momentum operators corre- 
sponding to ^k, 208, 375 
px, Pv, pz, vibrational angular momentum 
operators, 208, S75f., 403f., 468 
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P branches: 

in infrared bands: 

of asymmetric top molecules, 470f,, 
473, 476,' 478, 480f., 483fif- 
of linear, molecules, S80t., 390 
of symmetric top molecules, 4I6IS., 
424, 42Sf., 429 

of tetrahedral molecules, 453&. 
intensity of, 421, 424, 442 
in Raman bands: 

of linear molecules, 399 
of symmetric top molecules, 442^- 
P, induced dipole moment, 242&., 246, 
248, 254L 

P, totail angular momentum, 22&., 26, 38, 
42i. 

P®, amplitude of induced dipole moment 
P, 254 

P+, po^ p— branches of Raman bands of 
tetrahedral molecules, 4^9 
Pe, component of induced dipole mo- 
ment in direction of applied field, 

243 

induced dipole moment of 1 — 0 
transition of vibration Vi, 261 
[-pojnm ma- 

trix elements of induced dipole mo- 
ment, 254 

pp, Qp^ Rp branches, 421, 426ff., 435 
P®, Py, Pe, Px, Py, Pe, components of 
induced dipole moment, 24Si. 

Px, Pyy Pz, total angular momentum oper- 
ators, 208, 375, 403f. 

Pz, component of total angular momen- 
tum in figure axis, 2Si., 26 
(p, angle of rotation about axis of sym- 
metry, 86f. 

(p, Eulerian angle, 26, 406 
<Pa, <Pb, angles of deviation from straight 
line in linear XY 2 , 153f. 

<Pi, polar normal coordinate, 80f. 

species (characters and numbers of 
vibrations) of point group Coo,,, 112, 
128, 137, 140, 211 

species (characters and numbers 
of vibrations) of point group D^u, 
119, 139f. 

X vibrations, 126^., 197 
higher vibrational levels of, 128 
’T, TTg, TTu, species symbols for individual 
vibrations (see also the correspond- 
ing capital letters), 126^., 272 


n, species (characters and numbers of vi- 
brations) of point group Coo„, 112, 
125, 128, 137, 211, 252 
n vibrational levels of Cmw molecules: 
Z-type doubling of, S77i. 
rotational levels in, 37 If., 373 
n vibrations, 197 

n„n u, species (characters and numbex's 
of vibrations) of point group Dooh, 
119, 139, 181, 253 

Ilg, vibrational levels of Z)oo/t mole- 
cules, rotational levels in, 372, 373 
IX — infrared bands (transitions) of 
linear molecules, 384, 387 
n — n infrared bands (transitions) of 
linear molecules, 380, 385, 389f. 
n — n Raman bands of linear molecules, 
399 

n — S infrared bands (transitions) of 
linear molecules, 380, 384, 387, 388, 

. 391 

n — Z Raman bands of linear molecules, 
399 

I/, vibrational eigenfunction, 76i. 

4'e, electronic eigenfunction, 15, 252, 407, 
449 

I^evr, total eigenfunction apart from nu- 
clear spin, 407 

'^evr, correction term in total eigenfunc- 
tion, 407 

harmonic oscillator eigenfunction, 
78L, 101 

4^30,} ''Pjb, vibrational eigenfunctions of de- 
generate vibration, 103 
4 'n, 'f'i, ypP, perturbed and zero- 

approximation eigenfunctions, 216 
]pm, time-independent eigenfunctions, 
252, 254 

rotational eigenfunction (see also Ro- 
tational eigenfunction), 15, 26, 32, 
61, 252, 406f., 449i. 

^ps, nuclear spin function, 409f., 451 

vibrational eigenfunction, 15, 252, 
407, 449f. 

'Pv', -pv", vibrational eigenfunctions of 
upper and lower state, 252ff., 259f. 

time-dependent eigenfunctions, 
252, 254 
P4, phosphorus: 

central force treatment of, lG4f., 299f. 
observed Raman spectrum, 299f. 
tetrahedral structure, 299f. 

Paraffins, vibrations of, 199 
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Parallel bands (M* 4= 0): 

of linear molecules (see also S — S 
bands), 273f., 380i. 

of molecules with free or hindered in- 
ternal rotation, 

of symmetric top molecules, 268L, 
312f., 41/^, 416i., 418ff. 
analysis of, 4^4^'- 
examples, 419, 420, 422, 423 
intensity alternation in, 418 
intensity distribution in, 418, 421 f. 
Parallel vibrations, 288f., 292 
Para modifications of symmetric mole- 
cules, see Modifications, non-com- 
bining 

Parity (-|-, — symmetry), 15, 26, 50i., 
257, S72L, 406, 466 
Partition functions, BOlfl. 

equilibrium constants of chemical reac- 
tions in terms of, 526i. 
internal, 502i, 

harmonie-oscillator-rigid-rotator ap- 
proximation, 509 

for molecules with internal rotations, 

6ion. 

rotational, 503, 505fi. 
translational, 602 
vibrational, 5'OSff. 

PbCle , (diloroplumbate ion, 342 
PBrg, phosphorus tribromide, 164, 177, 
297L 

PCI3, phosphorus trichloride: 
fonic constants, I64, 177 
futidamentals, structure, 16 4, 2971. 
llarnan spectrogram, showing broad- 
ness of degenerate Raman liiKJs, 445 
PCls, phosphorus pentachloride, 330 
PsClfiNa, phosphorus dichloride nitride, 
368 

PCI3O, PCI3S, phosphorus oxychloride 
and sulfochloride, 322 
PD3, heavy phosphine, I64, 177, 302 
Penetration of potential hill, 221fi. 
l^erfect gas, deviations from, 517 
l*ermanent dii)ole moment, 19, 29, 32, 
55, 252 

Perpendicular bands: 

of linear molecules, (see also II — S 
bands), 273f., 380, 384i~ 
of molecules with free or hindered in- 
ternal rotation, 4<97ff. 
of nearly symmetric top molecules, 
424ff,, 428, 479i. 


Perpendicular bands (Cont.) : 
of symmetric top molecules, 2e8i., 
312f., 414, 424, 425 ff., 433 
analysis of, 4SOi., 4S4ff. 
appearance depending on moments 
' of inertia, 4^^ 

appearance depending on 431f. 
effect of Coriolis interaction on, 
429n. 

examples, 425, 427, 430, 431 
intensity alternation in, 432 f. 
intensity distribution, 425f. 
position of zero line, 426, 429, 432 
resolution of Q branches, 430 
no zero gap in, 425, 4291^. 
Perpendicular vibrations, 272 
Perpendicular vibrations of linear mole- 
cules, 75 f., 81, 112, 125n., 161, 272, 
288 

Perturbation function, 215L, 222 
Perturbations : 

due to Coriolis forces, 37 8i. 
due to anharmonic terms in potential 
energy, 21 BS. 
magnitude of, 215, 216ff. 
of rotational energy levels : 

in Jisymmetric top molecules, 46611, 
in linear molecules, 878f. 
in spherical top molecules, 452i. 
in symmetric top molecules, 4ISL 
selection rules for, 376, 378, 413, 452, 
466 

of vibrational energy levels, 215^., 264, 
266, 308, 378 

Perturbation theory, 208, 216 
PP3, phosphorus trifluoride, 16 4, 177, 
297, 303 

I^H- 3 , phosphine, 331., 302 
force constants. I64, 177 
fundamentals, 164 
inversion doubling, 224 
rotation spectrum, 33 
Phase shift in superposition of degenerate 
normal vibrations, 75f. 

Phosphorus, see P 4 

Photographic infrared bands, spectro- 
grams (see also individual mole- 
cules), 383, 385, 386, 420, 427, 431, 
457, 473, 499 
Physical constants, 538 
P.I., photographic infrared band, 274 
Planck’s constant, 521, 538 
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Planar molecules; 

no inversion doubling, 27, 31, 51, 220 
relation between moments of inertia, 
457 , m 

Plane doubly degenerate vibrations, 87, 

88ff. 

Plane of symmetry, 2 

Planetary atmospheres, OH4 in, 307f. 

PO4 , phosphate ion, 167, 182, 322 

Point group of a molecule, determination 
from observed vibration spectrum, 
258, 554 

Point groups, 5ff., 104 
axial 5, 6ff., 140 

Cp, i>p, • • • , see under Cp, Dp, • • • 
cubic, see Cubic point groups 
examples of, Hi. 

number of vibrations of each species, 
i54ff. 

poL, polarized, 274 

Polarizability, 20, ^45ff- 

as a function of normal coordinates, 
2A.0, 242, 244^., 260 
species of components determine Ha- 
man activity, 2S2ii., 2S8fi., 262, 265 
spherical and completely anisotropic 
part of, 246i. 

Polarizability change: 

for antisymmetric vibrations, 248 
determines polarization of Haman 
lines, 248i. 

determines Raman activity of normal 
vibrations, 242i., 544h*j 251, 260i., 
271 

Polarizability ellipsoid, 20, 34, 59, 243&.., 
248 

a sphere for molecules of cubic sym- 
metry, 41, 244, 246, 270f., 458 

Polarizability tensor, 248i., 254 
components of, 24Sfi., 247, 254^-, 
268&., 269n., 441, 490 
derived, 248i. 
invariants of, 247 

Polarization: 

of light wave, direction of, 247 
of Raman scattering (lines), 248i., 
53^ff. (Chapter III,2e) 
of Rayleigh scattering, 543ff. 

Polarized Raman line, 248, 268, 270i. 

Polar normal coordinates, 80i. 

Polymers, vibrational frequencies of, 
5S5L 


Population of rotational levels, see Ther- 
mal distribution 
Position transformation, 82 
Positive rotational levels: 

of asymmetric top molecules, 50i., 485, 
469, 490 

of linear molecules, 15, 19i., 372, 380, 
399 

of symmetric top molecules, 26, 29, 
4O6, 415 

Positive sub-bands of a X band, 424f. 
Positive vibrational levels in inversion 
doubling, 223, 257, 295, 413, 451 
Potential barriers hindering free internal 
* rotation (leading to torsional oscilla- 
tions), 225fe., 492, 494i; 510 
cause of, 346, 519 

dependence of energy levels on height 
494, 495 

determination of height, 227 

from heat capacity, 343, 354, 517, 
519f. 

from entropy, 520, 524^- 
from equilibrium measurements, 520, 
527, 530 

influence on thermodynamic functions, 

5111., 517, 5l8f., 524, 52Sff., 530 
observed values for heights, 520 

dependence on form of assumed po- 
tential function, 227, 519 
Potential barrier opposing inversion in 
non-planar XY3 molecules, 221fi. 
height determined from inversion 
doubling, 22Si. 

Potential constants, quadratic (see also 
Force constants): 

for Cartesian coordinates, 73i., 141i- 
for central force coordinates, 143, 149f., 
159E. 

cubic and quartic, 204^; 21 If., 219 
number of independent, 143, 143, 159, 
227 

from observed fundamental frequen- 
cies, 159ii., 227i. 
for symmetry coordinates, 147i. 
for valence force coordinates, 168, 
17 5i. 

from zero order frequencies, 206i. 
Potential energy: 

contribution of different bonds to, 200f 
cubic, quartic, and higher terms, 201, 

2041., 372 

of doubly degenerate vibrations, 94i- 
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Potential energy (Cont.) : 

invariance to symmetry operations, 82, 

94L, 104 

for molecules with inversion doubling, 
222L 

represented by hypersurface, 20 li. 
of simple harmonic oscillator, 72 
in terms of Cartesian coordinates, 7 Si., 

204 

in terms of central force coordinates, 
14s, 149, 159t. 

in terms of normal coordinates, 73, 94, 
204, 375 

in terms of symmetry coordinates, 

in terms of valence force coordinates, 
168, 17 6i. 

for torsional oscillations, 225ff. 
of triply degenerate vibrations, 99 
Potential function: 

most general quadratic, I4S, 186f., 201, 
227i. 

from observed vibrational frequencies, 
UOn. (Chapter II, 4b) 
the same for isotopic molecules, 159, 
227n. 

Potential hill, see Potential barrier 
Potential minima, molecules with several, 
220fi. (Chapter II, 5d) 

Potential surface, 201', 202, 203f. 

motion of mass point on, 20Si. 
Potential valleys, 203 
PQR branch structure of || bands of sym- 
metric top molecules, 

Precession of figure axis of symmetric 
top, see Nutation 

Pressure broadening of fine structure 
lines, 53 If. 

Principal axes of inertia, 18, 22, 208 
nutation for asymmetric top, 4'2, 43 
relation to symmetry elements, IS, 22 
Principal axes of polarizability ellipsoid. 
24Sf. 

Principal curvatures of potential surface, 
204 

Principal moments of inertia, IS, 22, 44f., 
209 

Probability distribution: 
for asymmetric top, 51 
for harmonic oscillator, 79 
for vibrations of polyatomic molecule, 
79L 

Probability of inversion, 22 c. 


Product of characters, 124fi- 
Product of inertia, 208, 510 
Product ratio of isotopic frequencies, in- 
dependent of potential constants, 
229, 2S2i£. 

Product rule of Teller and Redlich, for 
isotopic frequencies, 231 ff. 
application : 

to BFs, 298 
. to CH4, 307 
to C2H2, 289, 291 
to CaHe and CaDe, 345 
to CeHe, 367 
to H2CO and D2CO, 300 
to tetrahedral XY4, 235 f., 2S8 
to X2Y4, 2S3t 
to XYZg, 234i. 

extensions and approximations, 235 
rigorous for zero-order frequencies 
only, 232i. 

Progression of bands, 262f£. 

intensity distribution in, 264i. 
Prohibition of intercombinations between 
levels of different over-all species, 
16t, 29, 39f., 55ff.; 380, 399, 415, 
441, 433, 458, 468L, 490 
Prolate symmetric top, 24i; 45 
Propane, see CaHs 
Propylene, see CgHe 

Proton-attracting power of solvents, 537 
Pyramidal XYa molecules, see XYs 

Q 

q, constant for Z-type doubling, 378, 391, 
395 

qi, displacement coordinates, 7S, 204 
Q branch: 

forming strong unresolved line in cen- 
ter of band, 387, 399, 417i., 443, 454, 
458, 483 

in infrared bands : 

of asymmetric top molecules, 470f., 
473, 475, 478, 480f., 483ff. 
of linear molecules, 380, 384, 387i., 
390f. 

of molecules with free or hindered 
internal rotation, 498f. 
of symmetric top molecules, 416*ff., 
421, 424, 425f., 429n. 
of tetraliedral molecules, 43SiIi. 
intensity of, 421, 424, 442 
in Raman bands : 

of asymmetric top molecules, 48i 
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Q brancii (Cont.): 
in Raman bands (Cont.) : 
of linear molecules, S99 
of symmetric top molecules, 

Q, total partition function, SOU., 512, 519 
0^1 Q®, Q~ branches of Raman bands of 
tetrahedral molecules, 4^9 
Qa, Qb, • • • Qa', Qb', ‘ * • partition func- 
tions of reactant and produced mole- 
cules in a reaction, 526f. 

Qa^Qb} '** Qa', Qb', ••• partition func- 
tions of reactant and produced mole- 
cules referred to the same zero point 
of energy, 527 

Qf, contribution to partition function of 
symmetric top carrying out free in- 
ternal rotation, Sll 

Qi, deviations from equilibrium inter- 
nuclear distances k, 14-2^., 149, 153, 
159, 168 

Qik, change of distance between atoms 
i and k, 162, 165f., 175, 183 
Qirxt, internal partition function, 502i., 
509, 513, 519£f., 529 

^Q, ^Q, branches, 421, 426iF., 432, 435 
Qr, rotational partition function, SOS, 
505f[., 521 

Qtr, translational partition function, 502 

513, 519 

Qv, vibrational partition function, SOS^., 

514, 521 

Q'’, contribution of vibrational level v with 
all its rotational levels to partition 
function, 502 
Q.uadrupole moment, 239 
Quadrupole radiation, 380, 382 
Quantized rotation in liquids, solutions 
and solids, 

Quantum numbers, (see also J, K, A, Vi, 

liy * • ■ ) 

of internal rotation, 494 
rotational, 14 
vibrational, 77 , 205, 210f. 

Quartic terms in potential energy ' 201 
282 

Quaternary combination bands, 288 

R 

ro, average internuclear distance in lowest 
vibrational state, S96f., 4S8i. 
observed values, see individual mole- 
cules and bonds 


^1, f’i, ^3, ^4> change of X — Y distances in 
XY4 molecules, 165f., 181, 189 

•••, displacement vectors in 
degenerate vibrations, 84, 88 
Tc, internuclear distance for equilibrium 
position, S96f. 

R branches : 

in infrared bands : 

of asymmetric top molecules, 470f., 
473, 475, 478, 480f., 483ff. 
of linear molecules, S80f., 390 
of symmetric top molecules, .^76'fT., 
4S4, 42Sf., 429 
of tetrahedral molecules, 
intensity of, 421, 424, 442 
in Raman spectrum: 
of linear molecules, 399 
of spherical top molecules, 42 
of symmetric top molecules, 34fT., 

44-^f. 

R, gas constant per mole, 512, 521, 5S8 
R., Raman band, 274 
!?■*■, iE®, Rr branches of Raman bands of 
tetrahedral molecules, 459 
^R; ^R, branches, 35, 421, 42617. 

Rx, Ry, Rzy rotation about x, y, z axes 
(non-genuine vibrations), (see also 
the individual point groups), 105f., 
122 

Rxf, Ryf, Rzf, matrix elements of ele(;tri<f 
dipole moment referred to fixed co- 
ordinate system, S2, 56, 414, 422 
/>, degree of depolarization, 247fL. 

P (= BfA), dependence of band .structure 
on, 471, 472, 476, 477f., 4SO, 482 
P, magnitude of internal vibrational an- 
gular momentum, 494 
Pc, degree of reversal of circularly pohir- 
ized light in Rayleigh and Raman 
scattering, 248, 270f. 
pi, polar normal coordinate, 80f. 

Pi, degree of depolarization for linearly 
polarized incident light, 247n., 27{)f. 
Pn, degree of depolarization for natural 
incident light, 247U., 270i. 

Radio waves, absorption by NH», 257, 
296, 416 

Raman active, inactive fundamentals (vi- 
brations), 2421, 249&., 25 8f^. 
intensity of, 254, 261 
^ number of, 2581, 
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Raman active, inactive overtone and 
combination bands, 245i., 261fi. 

(Chapter III, 2d) 

Raman activity, alternation of, in a pro- 
gression, 262, 264 
Raman bands, 251 
fine structure of; 

for asymmetric top molecules, 489fL. 

(Chapter IV, 4c) 
for linear molecules, 399 
for spherical top molecules, Jf.58, 
459 (Chapter IV,3c) 
for symmetric top molecules, 
(Chapter IV,2c), 444 
of individual molecules, see under spe- 
cific molecules 

unresolved, 899, 444^-, 490i. 

Raman fundamentals: 

degree of depolarization, 27 Oi. 
intensity ratio, 261 
Raman lines: 

intensity ratio of Stokes and anti- 
Stokes, 251 

polarization and depolarization of, 
248i., 269fi. (Chapter III,2e) 

Raman rotation- vibration spectra: 
of asymmetric top molecules, 
(Chapter IV, 4c) 

of linear molecules, S98i. (Chapter 
IV, Ic) 

of molecules with free or hindered 
internal rotation, 500 
of spherical toj) molecules, 458i. (Chap- 
ter IV, 3c) 

of symmetric top molecules, 44^^- 
(Chapter IV, 2c) 

Raman scattering, 244, 254 
Raman selection rules, see Selection rules 
Raman shifts, 249, 251 
Raman spectra : 

(dianges in liquid and solid state, 
(Chapter V,2) 
rotational: 

of asymmetric top molecules, 59i. 
of linear molecules, 20i. 
of spherical top molecules, 41 ^- 
of symmetric top molecules, 34, 35, 
36f. 

vibrational: 

classical theory, 239, 242U. (Chapter 
II, lb) 


Raman spetra (Cont.) : 
vibrational (Cont.): 

of individual molecules (see also 
under specific molecules) 27 Iff. 
(Chapter III,3) 

triatomic, 272E. (Chapter III, 3a) 

four-atomic, 288&.. (Chapter 
III,3b) 

five-atomic, 30SE. (Chapter 
III, 3c) 

six-atomic, 323&. (Chapter III, 3d) 

seven-atomic, 386&. (Chapter 
III,3e) 

eight-atomic, 34^^- (Chapter 
III,3f) 

nine-atomic, S52f£. (Chapter 

ni,3g) 

ten-atomic, S56&. (Chapter 
III,3h) 

eleven-atomic, S59f£. (Chapter 
III,3i) 

twelve-atomic, 362S:. (Chapter 

ni,3j) 

influence of Fermi resonance, 265f. 
quantum-theoretical treatment, 

249n. (Chapter III,2) 
selection rules, 249, 25 2i., 254^-, 262 
spectrograms, 250, 270, 445 
Rayleigh scattering, 244, 249f., 254 
degree of depolarization, 246^., 269 
Ray’s equations for energy levels of 
asymmetric top, 4f>, 460 
Reduced mass, 224 
Reflection at a plane, 2, 65 
Reflection at center (inversion), 2, 15, 
25, 98, 107 
Representations: 

irreducible (see also species), 104 ^., 
108f., 236 
reducible, 236 

Representative nucleus of a set, ISli., 232 
Repulsion of hydrogen atoms as cause of 
potential barriers opposing internal 
rotation, 519 

“Repulsion” of zero approximation en- 
ergy levels, 215^., 37 Q 
Resolution of secular determinant, see 
Factoring 

Resolution of species of a point group 
into those of a point group of lower 
symmetry, 235&. 

Resolution of vibrational motion into 
normal vibrations, 67, 70f. 
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Hesolution. of vibrational motion into 
normal vibrations (Cont.) : 

not rigorous if anharmonicity present, 

204 

Besonance: 

between two C — H oscillators, 196i, 

exact, for identical potential minima, 

220 &. 

Eermi, see Fermi resonance 
Resonance frequencies of molecular mod- 
els, 1S7 

Restoring forces, in molecule, 67f., 169, 
168 

in simple harmonic motion, 62, 67 
Resultant nuclear spin JT, 39 
Resultant state, species of, when several 
vibrations are singly or multiply ex- 
cited, 12S&. (Chapter II, 3e) 
"Resultant” statistics, f7f., 54, 381, 465, 
480 

Resultant symmetry type (species), IBSiS. 
(Chapter II,3e) 

Resultant vibrational angular momen- 
tum in linear molecules, 21 2 
Rocking vibrations, see CH2 and CH3 
rocking vibrations 
Rotation: 

of asymmetric top molecules, 
(Chapter I, 4) 

of dipole moment in degenerate vibra- 
tions, 405, 448 

interaction with vibration, 370&. 
(Chapter IV) 

of linear molecules, ISE. (Chapter 1,1) 

of molecules in liquids and solids, 446, 
631^. 

as non-genuine vibration, see Non- 
genuine vibrations 

of spherical top molecules, 37&. (Chap- 
ter 1,3) 

of symmetric top molecules, 22^. 
(Chapter 1,2) 

Rotation-reflection axis, 4 
Rotation spectra, infrared and Raman, 
ISff. (Chapter I) 

absence for molecules of cubic sym- 
metry, 

of asymmetric top molecules, 56i., 57, 
58ff. 

of linear molecules, jf^ff. 

of molecules with free internal rota- 
tion, 4p7i. 

of spherical top molecules, 41 i. 


Rotation spectra (Cont.) : 

of symmetric top molecules, 29, 31 f,, 
33f., 35, 361, 41 ^ 

Rotation-vibration spectra, 37 0&. (Chap- 
ter IV) 

of asymmetric top molecules, 40 Sfi>, 
489^. (Chapter IV,4b and e) 
of linear molecules, 37 9&., 39S&. 

(Chapter IV, lb and c) 
of molecules with free or hindered in- 
ternal rotation, 4 O 6 &. (Chapter 
IV, 5b and c) 

of spherical top molecules, 

(Chapter IV, 3b and c) 
of symmetric' top molecules, 414^-* 
441 ^. (Chapter IV,2b and c) _ 
Rotational analysis, see Analysis of infra- 
red bands 

Rotational constants: 

Ae, A[o]> Re, R[0], ■R['e]j ^ [Op 

C[vh of asymmetric 

top molecules, 44 ^- 1 400 f. 
determination from spectrum, 5,9, 
485, 488 

observed values, 488i. 

Ag, A[o], A[v], Be, R[o], R[?,], Oii^, Oii^ , 
^i, D, of symmetric top molecules, 

24 , 26 , 4 oon. 

determination from spectrum, 484i'^’t 
44SL 

observed values, 436^1. 

Be, Rco], Rrii], cii, and D of linear mole- 
cules, 14t, 370^^., 376n. 
determination from spectrum, 20, 
390^. 

observed values, 21, 393^. 

Be, R[o], R[®], ci, ti, D of spherical toj) 
molecules, 38, 4401,, 459 
observed values, 4 O 6 
effect on thermodynamic functions, 
505f., 509, 521 

Rotational eigenfunctions, 15, 104, 123, 
252 

of asymmetric top molecules, 51, 462 ff., 
468 

of linear molecules, 15f., 372 
of spherical top molecules, 4491. 
of symmetric top molecules, 26, 466 II. 
Rotational energy levels, see Rotational 
levels 

Rotational energy of rigid body (class- 
ical), 24 

Rotational entropy, <8/, 521fi. 
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Rotational fine structure, see Fine struc- 
ture 

Rotational free energy, 52 If. 

Rotational heat capacity, 513, 514, 516f. 

Rotational heat content, 51 Si. 

Rotational infrared spectrum, see Infra- 
red rotation spectrum 

Rotational isomerism, 34-6^. 

Rotational levels: 
of asymmetric top molecules: 

determination of their position from 
spectrum, 59, 485L, 488 
diagrams of, 45, 49, 51, 57, 463, 464, 
470, 475, 481 

effect of interaction with vibration, 
460n. (Chapter IV, 4a) 
formulae, ^^ff., 460i. 
influence of nuclear spin and sta- 
tistical weights, 5Sff., 462, 465i. 
perturbations, 4661. 
sum rules, 46f., 52, 59, 461, 485 
symmetry properties (over-all spe- 
cies), 50, 5lff., 462, 463, 464ff. 
of linear molecules: 

diagrams, 15, 373, 381, 387, 389 
effect of interaction with vibration, 
370^. (Chapter IV,la) 
formulae, 14i., 37 Of., 376^. 
influence of nuclear spin and sta- 
tistics, statistical weights, i6'ff., 
372 

perturbations, S78i. 
symmetry properties (over-all spe- 
cies), 15i., 372, 373 
thermal distribution, 18i. 
of molecules with free or hindered in- 
ternal rotation: 
diagrams, 493, 495, 496 
formulae, 461 ^. 

symmetry properties (over-all spe- 
cies), 462^. 

of spherical top molecules: 
diagrams, 448, 450 
effect of interaction with vibration, 
446^. (Chapter I V,3a) 
formulae, 38, 4¥>^’ 
perturbations, 45^7ff. 
influence of nuclear spin and statis- 
tical weights, 38fl., 449, 451 
symmetry properties (over-all spe- 
cies), 3Sff., 449, 450f. 
thermal distribution, 40f. 


Rotational levels (Cont.) : 
of symmetric top molecules: 

diagrams of, 25, 28, 404, 408, 412, 
417 

effect of interaction with vibration, 
400 n. (Chapter IV,2a) 
formulae, 24i., 400i., 403i. 
influence of inversion doubling, 4 II, 
412f. 

influence of nuclear spin and sta- 
tistical weights, 27E., 37, 409E. 
perturbations, 416i. 
symmetry properties (over-all spe- 
cies), 26n., 406ff., 408ff., 415 
thermal distribution, 29, 30 
of tetrahedral molecules, see spherical 
top molecules 

Rotational partition function, 503, 505^., 
527 

evaluation by direct summation, 505, 
509 

effect of centrifugal distortion on, 507 
examples, 507 

influence of identity of nuclei and nu- 
clear spin, 507ff. 

for molecules with free or hindered in- 
ternal rotation, 5^if(?f. 

Rotational perturbations, 37 8i., 416i., 
4521., 466^. 

Rotational quantum number, (see also /, 
X., * 1 , ^2, XJ), 14 

Rotational Raman spectrum: 

of asymmetric top molecules, 59i. 
change of intensity distribution with 
increasing pressure and in liquid 
state, 532, 533 
of linear molecules, 20i. 
of symmetric top molecules, 34, 35, 36f. 

Rotational selection rules, see Selection 
rules 

Rotational statistical weight, 502f. 

Rotational subgroup, 4061., 440, 462 

Rotator, asymmetric, see Asymmetric • 
top 

Rotator, simple, 14 

Rotator, symmetric, see Symmetric top 

Rule of mutual exclusion, 256ff., 288, 303, 
306, 323, 325, 328, 330, 340, 366, 458 

S 

s., strong, 274 

s, symmetric rotational levels, 15f., 5 If., 
373, 380, 399 
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s, symmetric vibrational levels, 101 
sx, sy, • • • displacements of atoms X, Y 
•••, 133ff. 

S branches in Raman bands of linear and 
symmetric top molecules, 399, ^^^f. 
S branches in rotational Raman spectra, 
20, 34fif., 42, 60 
aS, entropy of real gas, 524 
S°, entropy of perfect gas, 519 
S'^, aS°, S~ branches of Raman bands of 
tetrahedral molecules, 4^9 
S2, • • * Si, Sjc, • • • , symmetry coordi- 
nates, 14.7fi. 

1S2, point group, see Cf 
S2, two-fold rotation-reflection axis (= i), 
4 

Sz, three-fold rotation-reflection axis, 4, 
116 

*84, four-fold rotation-reflection axis, 4 
1S4 molecules: 

numbers of vibrations of each species, 
136 

selection rules for, 253 
Si, point group, 5, 6, 120, 126f., 129 
^Ss, Sn^, equivalent to C5X <rh and 
X a-A, 116 
Ss molecules: 

numbers of vibrations of each species, 

ise 

selection rules for, 253 
Se, point group, 5, 6, 11, 508 

species and charactei's of 119f., 126f., 
129 

aSs, eight-fold rotation-reflection axis, 12, 
116 

aSoo, infinite rotation-reflection axis, 119 
contribution of free internal rota- 
tion to entropy, 524, 525 
Sia, Sib, mutually degenerate symmetry 
coordinates, 147 

'S'lnt, internal entropy of perfect gas, 
519f£. 

AS?.r., contribution of (hindered) internal 
rotation to entropy, 524, 525f. 

^S, ^S branches in Raman spectrum of 
symmetric top, 35 
Sp, p-fold rotation-reflection axis, 4 
Sp, point groups, 5 
Szpv (= Dpd), point groups, 8 
St^, rotational entropy, 5 2 IK 
Sir, translational entropy, 519E. 

Si„, point group, see 
Sei., point group, see 


Ssv, point group, see Did 
S/, vibrational entropy, 521 f£. 
cr, plane of symmetry, 2 
a, symmetry number, 508ii., 521 
cr vibrations, 197 

cr”^, cr , cr,^"^, , o'u , spocios syxn— 

bols for individual vibrations (see 
also corresponding capital letters), 
126S., 272 

(Td, diagonal planes, 8, 112 
(Th, “horizontal” plane of symmeti'y (X 
to axis of symmetry), 4, 7 
cTv, “vertical” plane of symmetry (through 
axis of symmetry), 5, 7, 112 
equivalent to C2 X cu, 116 
2+ electronic states, 20 
2+ vibrations, 197 

2+, 2“, species (characters and numbers 
of vibrations) of point group Ct^v, 
112, 128, 137, 140, 211, 252 
2+, 2“ vibrational levels, symmetry 
properties of rotational levels in, 372, 
373, 381 

2^,+ electronic states, 16, 18 

2„~, species (characters 
and numbers of vibrations) of point 
group aDooa, 119', 139f., 181, 253 
2„'^, 2ff~, Zu~ vibrational levels, 
symmetry properties of rotational 
levels in, 372, 373, 381 ' 

2 — n infrared bands (transitions) of 
linear molecules, 384 

2! — 2 infrared bands (transitions) of 
linear molecules, 380, 381ff. 
examples, 382, 383, 384, 385, 386 
^ — 2 Raman bands (transitions) of linear 
molecules, 399 
Ss, sulfur, 8, 12, 191, 350 
sa, symmetry of vibrational levels of C2,, 
molecules, 102, 106 

Saturn, CH4 b^nds in spectrum of, 307 
SbCla, antimony trichloride, 104, 177, 
2971. 

SbCls, antimony pentachloride, 336 
SbCle” chloroantinionate ion, 342 
Scattering of light, see Rayleigli and 
Raman scattering 

Schrodinger equation, 76L, 104, 208 
S2CI2, sulfur chloride, 302 
SCI2O, thionyl chloride, 302 
SCI2O2, sulfuryl chloride, 322 
SDo, see D2S 
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Secular deterininant, 14.3 

form if expressed in. symmetry coordi- 
nates, 147 

Secular equation, 74, 82 
expansion of, 157 

methods for general solution, I 40 &.. 
(Chapter II, 4b) 

solution in Cartesian coordinates, 140fi. 
solution in “internal” coordinates, 

i 42 n. 

solution by the use of mechanical 
models, 167&. 

solution by the use of symmetry co- 
ordinates, 145 ^^ 

SeD 2 , see DaSe 

SeFs, selenium hexafluoride, 342 
SeHa, see HaSe 
Selection rule: 

for Coriolis intei-action, 376 
for infrared rotation spectrum, 19, 29, 
S5f. 

for infrared vibration spectrum, 2S1&., 
258fi., 26m. (Chapter III,2b,c,d) 
for inversion doubling components, 
236f{. 

for J, K, * • • , see under J, K, ■ • • 
for over-all species, see Over-all species 
for perturbations, 216E., S78i., ^f5f., 
452, 466t 

for positive and negative rotational 
levels, 19, 29, 34, 380, 399, 415, 469, 
490 

for rotational Riiman spectra, 20, 34, 
SOL 

for rotation- vibration spectra : 

of asymmetric top molecules, 488i., 
489f. 

limit of validity, 415, 456f. 
of linear molecules, 379{., S98i. 
of molecules with free or hindere<l 
internal rotation, 407f. 
of spherical top molecules, 483, 488 
of symmetric top molecules, 4^4^-, 

441 

for symmetric and antisymmetric rota- 
tional levels, 16i., 380, 382, 399 
for vibrational quantum numbers, 
249 L, 262 

for vibrational Raman spectrum, 2Sm., 
288f£., 26m. (Chapter III, 2 b,c,d) 
violation in liquid state, 276, 323, 325, 
366 


Se 04 , selenate ion, 322 
Separably degenerate, 99, 119ff-, 123 
.Sequence of difference bands, 267, 268, 
358, 389f., 420 

Series of lines (doublets) in spectra of 
asymmetric top molecules, 58f., 

474 L, 484 

Sets of equivalent nuclei, Ism., 232f. 
Seven-atomic molecules, observed spectra 
of individual molecules, 336 fi. (Chap- 
ter III,3e) 

SFe, sulfur hexafluoride: 

form of normal vibrations, 122f,, 337 
fundamentals and other infrared and 
Raman bands, SS6f. 
jjoint group of, 11, 38, SS6i. 
potential function, 191 
SF 2 O, thionyl fluoride, 302 
S — H distance, 480 
S — H frequencies, 195 
SH radical, 489 
SH 2 , see H 2 S 

Sharpness of infrared and Raman bands 
in liquids, 446, 532 

Sharpness of totally symmetidc Raman 
lines, 399, 444fi., 458, 491 
SHCIO3, chlorosulfonic acid, 336 
SiBi’i, silicon tetrabromide, 167, 182, 322 
SiBrCJla, bromotrichlorosilicane, 322 
SiCU, silicon tetrachloride, 167, 182, 322 
SioCle, silicon hexachloride, 350f. 

SiF 4 , silicon tetrafluoride, 167, 182, 322 
SiFe , fluosilicate ion, 342 
Si — H distance in SiH 4 , 456 
SiH 4 , silane, 210, 322, 454 
force constants, 167, 182 
fundamentals, 167 

internuclear distance, moment of in- 
ertia and rotational constant, 486 
occurrence of inactive fundamental V‘i 
in infrared absorption, 488 
statistical weights of rotational levels, 
39, 461 

8 i 2 H«, disilicane, 350f. 

HillBrs, SiHCl;), silico-bromo- and chloro- 
form, 322 

Si 04 , silicate ion, 322 
Simple harmonic oscillations (motion), 
e2i., 67 

Simple harmonic oscillator, see Flai’inonic 
oscillator 

Simple rotator, 14 
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Six-atomic molecules, observed spectra of 
individual molecules, 323ff. (Chapter 
III, 3d) 

Skeletal vibrations, 288, 323, 335 
Slightly asymmetric molecules with free 
or hindered internal rotation, 

497fl. 

Slightly asymmetric top molecules, see 
Kearly symmetric top molecules 
SnBr 4 , tin tetrabromide, 167, 182, 322 
SnBre , bromostannate ion, 342 
SnCU, tin tetrachloride, 167, 182, 322 
SnCle , chlorostannate ion, 342 
SnHBrs, SnHClg, stanno-bromo- and 
chloroform, 322 

50 2 , sulfur dioxide: 

force constants, 170 
form of normal vibrations, 171 
fundamentals and other infrared and 
- Raman bands, 286 
change in liquid state, 535 
non-linear structure, 285, 288 

50 3 , sulfur trioxide, 178, 302, 409 
SO4 — , sulfate ion, 167, 182, 322, 451 
Solar spectrum, H 2 O bands in, 473, 487 
Solid state: 

changes of spectra in, S'Slff. (Chapter 

V,2) 

nature of (Chapter V, 2 ) 

rotation of molecules in, 5S2f. 
Solutions, change of spectra in, S84i£‘ 
Species, 

of anharmonic vibrational levels, 20d 
of components of dipole moment, 2d2L 
of components of polarizability, 252f. 
degenerate, lOSS. 
of degenerate vibrations, 89S. 
designations, 106, 108 
of higher vibrational levels, 123^. 
(Chapter II,3e) 

binary combinations of degenerate 
vibrations, 129i. 

binary combinations of a non-degen- 
erate and a degenerate vibration, 
125f. 

excitation of several non-degenerate 
vibrations, 124, 126 
multiple excitation of a degenerate 
vibration, 126&., 128 
multiple excitation of several vibra- 
tions, ISOf. 


Species (Cont.) : 

of normal vibrations and eigenfunc- 
tions (see also the individual point 
groups) IO4&. (Chapter II,3d) 
number of normal vibrations of a given, 
ISm. (Chapter II, 4a), 258 
resolution into those of a point group 
of lower symmetry, 235 ft. 
of rotational levels, see Rotational 
levels 

of total eigenfunction, see Over-all 
species 

of total eigenfunction including nuclear 
spin, 410f., 451y 4^^t 
Species symbols: 

for individual vibrations (futKlarnen- 
tals), 124, 272 
for resultant states, 7^4 
Specific heat (see also Heat capacity) : 
inactive (torsional) vibrations from, 
328, 337, 339f., S43i., 354, 356 
Spectrograms: 
of CCI4, 250 
of CH4, 454, 456, 457 
of C2H2 and C2HD, 385, 386, 388 * 

of C2H4, 474, 479, 483 
of CHs— C=CH, 420 
of CHsBr, 430, 431 
of CHCI3, 270 
of CHCbBr, 250 
of CH3P, 419 
of CH3OH, 499 
of CO2, 273, 384 
of HCN, 383, 388 
of H2CO, 474, 478 
of H2O, 58, 473, 478 
of NHg, 33, 36, 422, 423 
of N3H, 427 
of 1^20, 382 
of O3, 286 
of PHg, 33 
of PCI3, 445 

Spherical part of polarizability, 246f. 
Spherical top, definition and classical mo- 
tion, IS, S7i. 

Spherical top molecules: 

analysis of observed bands, 4^4^-, 450 
centrifugal distortion in, 38, 447, 452 
Coriolis interaction in, 44 7f., 4-61^. 
infrared rotation-vibration spectra of, 
45Sn. (Chapter IV,3b) 
interaction of vibration and rotation, 
44^ff. (Chapter IT, 3a) 
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Spherical top molecules (Cont.) : 
internuclear distances, 4^6 
moments of inertia and rotational con- 
stants, 44.6n., 464L 
perturbations in, 

Raman rotation-vibration spectra, 
468i. (Chapter IV, 3c) 
rotation and rotation spectra, 57ff. 
(Chapter 1,3) 

rotational eigenfunctions, 44-9i‘ 
rotational energy levels, S8fi., 446&. 
diagrams, 448, 450 
effect of interaction with vibration, 
44611. (Chapter IV, 3a) 
influence of nuclear spin and sta- 
tistical weights, S9i., 446i. 
over-all species (symmetry proper- 
ties) S5ff., 449, 450f. 
thermal distribution of, 40f. 
rotational infrared and Raman spectra, 
41 1 

rotational partition function of, 506 
selection rules for, 4I, 458, 458 
types of Raman bands, 458i. 

Spin function, see Nuclear spin function 
Spin orientations of three identical nuclei 
of spin f, 410 
Splitting: 

of characteristic frequencies in mole- 
cules with several equivalent groups, 
wet, 199 

of degeneracy produced by identical 
potential minima, 2201., 222ff., 347 
of degeneracy for torsional oscillations, 
225, 226t, 494, 495, 496 
of degenerate rotational levels of sym- 
metric top, in asymmetric top mole- 
cules, 44 , 45, 49, 56 
of degenerate vibrations (vibrational 
levels) : 

on account of Coriolis interaction: 
for spherical top molecules, 4471T., 
454f. 

for symmetric top molecules, 

401^., 407n., 420n. 

for unsymmetric (isotope) substitu- 
tion, 236n., 309, 821, 334 
of higher rotational levels: 

in IT, A, • • • states of linear mole- 
cules (i-type doubling), 877f. 
of spherical top molecules, 452i., 
465n. 


Splitting (Cont.) : 

of spherical top molecules (Cont.) : 
of symmetric top molecules (iiC-type ' 
doubling), 409f., 414 

of higher vibrational levels of degener- 
ate vibrations on account of an- 
harmonicity, 80f., 104, 125i., 128f., 

2ion. 

of li degeneracy, 21 li., 219 
ss, symmetry of vibrational levels of C^v 
molecules, 102, 106 

“Staggering’’ of lines in 11 — 11 bands, 390 
State of polarization, see Polarization 
State sum (see also partition function), 
5om. 

Statistics of nuclei, see Nuclear statistics 
Statistical weights: 

effect of inversion doubling on, 4IS, 
465f. 

internal and total, SOU. 

of rotational levels: 

of asymmetric top molecules, 58t, 
465 

of linear molecules, jf6ff., 372 
of spherical top molecules, S8ff., 446, 
449 1, 454 

of symmetric top molecules, 26^., 
410t 

total, including nuclear spin for un- 
symmetric molecules, 16f., 27, 509 
Stokes Raman lines, 20f., 35f., 250f., 261 
Stretching force constants, 168, 170, 173, 
183, 192n. 

Stretching vibrations, see Bond-stretch- 
ing vibrations 

Structure, geometrical, see Geometrical 
structure 
Sub-bands: 

of 11 bands of symmetric top molecules, 
416i., 418ff. 

of ± bands of nearly symmetric top 
molecules, 479, 481 

of X bands of symmetric top mole- 
cules, 424, 425ff. 

corresponding to different components 
of dipole moment or polarizability, 
269 

of overtone and combination bands in- 
volving degenerate vibrations, 264^ , 
297, 808 

of Raman bands of symmetric top 
molecules, 441^- 
Subgroup, rotational, 40ei. 
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Substates (levels) of higher vibrational 
levels of degenerate vibrations, 125, 
127, 12m., 210, 217, 219, 264fE. 
Coriolis splitting of, 405i., 4ASi. 
Sub-sub-bands of infrared bands of mole- 
cules with free or hindered internal 
rotation, 

Sulfur dioxide, see SO 2 
Sulfur hexafluoride, see SFe 
Summation bands, 265 
Sum rules for 404I., 4-56, 438, 44S, 4-6 Jfi. 
Sum rules for rotational levels of asym- 
metric top molecules, 4^f., 52, 59, 
461 ,^ 8 ^ 

Superposition: 

of normal vibrations, 67, 70f., 74^. 
of simple harmonic motions, 77 
of symmetry coordinates, 140i., 157, 
171 

of two mutually degenerate vibrations, 
75f., 81, 402 

Symmetrical stretching and deformation 
vibrations, 353, 355, 360 
Symmetric in the nuclei, rotational levels, 

isn., 20, Site., 3721 ., 382 

Symmetric top (rotator): 

definition and classical motion, IS, 22, 
23 f. 

as limiting case of asynametric top, 
451, 48 

prolate and oblate, 24^- 
Symmetric top molecules: 

II bands of, 388, 414, 418ff. 

JL bands of, 424, 425ff. 
centrifugal distortion in, 26, 31, 35i., 
400, 418, 434 

Coriolis interaction in, 401^. 
with free or hindered internal rotation, 
see Free internal rotation or Hin- 
dered internal rotation 
hybrid bands of, 414, 416, 427f. 
infrared rotation spectrum, 29, 3 If., 
331, 4I6 

infrared rotation-vibration spectra, 
41 4f^. (Chapter IV,2b) 
analysis of observed bands, 4^4^- 
interaction of vibration and rotation, 
400ff. (Chapter IV, 2a) 
intensities: ® 

in. infrared spectra, 32, 421 f., 426 
in Raman spectra, 36f., 442 
internuclear distances, 400, 438^. 


Symmetric top molecules (Cont.) : 

moments of inertia and rotational con- 
stants, 24, 26, 34, 4OOU., 43 4^., 
44Si. 

observed values, 
perturbations in, 416i. 

Raman rotation-vibration spectra, 
441^. (Chapter IV, 2c) 
rotation and rotation spectra, 221X. 
(Chapter 1,2) 

rotational eigenfunctions, 26, 32, 406i. 
rotational energy levels, 24, 25f., 28, 
400^., 404, 408 

influence of inversion doubling, 41I, 
4121 

influence of nuclear spin and sta- 
tistical weights, 27'^., 37, 409^. 
symmetry properties (over-all spe- 
cies), 26i., 4O6&., 408ff., 415 
thermal distribution of, 29, 30 
rotational partition function of, 5051. 
rotational Raman spectrum, 34, 35, 
361 

selection rules : 

for rotation spectra, 29, 34 

for rotation- vibration spectra, 414^’, 

441 

types of infrared bands, 414, 41 ^ff- 
types of Raman bands, 441i- 
Symmetric vibrational eigenfunctions, 
lOli. 

Symmetric vibrations, 83, lOll, 112 
Symmetry of molecule, importance for 
spectrum, 1, 82i. 

Symmetry coordinates, 145^. 

form of secular determinant in terms 
of, 147 

potential and kinetic energy in terms 
of, 147i. 

. superposition of, 149f., 157 
of XYa, X 2 Y 4 , • • • , see XYa, X 2 Y 4 , • • ■ 
Symmetry elements. If., 31 
Symmetry number, 508ff-, 521 

for molecules with free internal rota- 
tions, 5101 

Symmetry operations, Iff. 

effect on degenerate normal vibrations, 
55ff. (Chapter II,3b) 
effect on non-degenerate normal vibra- 
tions, 82i. (Chapter II,3a) 
effect on rotational, electronic, total 
eigenfunctions, I04 
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Symmetry operations (Cont.) : 

effect on vibrational eigenfunctions, 
10 m. (Chapter II, 3c) 
invariance of potential energy to, 8B, 

94L, 104 

invariance of Schrodinger equation to, 
104 

possible combinations of (point 
groups), 5ff. 

Symndetry properties: 

of normal vibrations and eigen- 
functions, 5M., 101&. (Chapter 
II,3a,b,c) 

only certain combinations possible: 

species (symmetry types), 104&- 
independent of assumption of har- 
monic oscillations, IO4 
of polyatomic molecules, Iff. 
of rotational energy levels and eigen- 
functions, see Rotational levels and 
Over-all species 
Symmetry selection rules: 

for asymmetric top molecules, S5(., 

468i., 490 

for linear molecules, 19f., 380, 399 
for spherical top molecules, 40, 458, 458 
for symmetric top molecules, 29, 32, 
34, 4I6, 417, 441 
Symmetry types, see Species. 

T 

t, number of translations of a given spe- 
cies, 232 

T, kinetic energy of molecule, 73i., 148i., 
147f., 204 

T molecules: numbers of vibrations of 
each species, 139 
selection rules for, 253 
T, point group, 9, 12, 406, 508 
species and characters of 123, 126f., 129 
T, resultant nuclear spin, 39 
T, total energy (term value) of vibration 
and rotation, 371, 4OO, 430 
T, triply degenerate species (sec also F), 
108 

7\., critical temperature, 524 
T d molecules (see also spherical top mole- 
cules) : 

A, E and F modifications of, 40t, 453 
activity of fundamentals, 259 
combination differences in, 455 
Coriolis splitting of triply degenerate 
vibrational levels, 441, 448f. 


Trf molecules (Cont.): 
interaction of vibration and rotation, 
443^. (Chapter IV, 3a) 
numbers of vibrations of each species, 
139 

over-all species of rotational levels, 
S9t, 449 

polarization of Raman lines, 270f. 
rotational partition function and sym- 
metry number, 508 
rotational selection rules, 453, 468 
as spherical top molecules, 38 
statistical weights of rotational levels, 
38t, 446, 449L 

types of Coriolis perturbations, 45 li. 
types of infrared and Raman bands, 
453, 456f., 45 8i. 

vibrational selection rules for, 263 
Td, point group, 9, 12, 38, 406, 449, 508 
resolution of species into those of Czv, 
C2v, Vd, C„ 236^. 

species and characters of, 121&.., 126f., 
129 

Th, point group, 9, 123, 140 
Tx, Ty, Tz, translations in x, y, z directions 
(non-genuine vibrations) (see also 
the individual point groups), I05i., 
122, 253, 355 

r, index of levels of asymmetric top mole- 
cules, 44fi., 56, 460, 478, 485 
Ti, t- 2 ., t 3, - • • torsional vibrations, 194, 
272 

6, Eulerian angle, 26 

part of symmetric top eigen- 
function, 26, 406 
TeFe, tellurium hexafluoride, 342 
Teller-Redlich product rule, see Product 
rule 

Ten-atomic molecules, observed spectra 
of individual molecules, 366f£. (Chap- 
ter III,3h) 

Term values, rotational, I4, ‘24 
Term values, vibrational, 77i., 205 
Ternary combination bands, 262 . 

Terrestrial bands in solar spectrum, 280, 
473 

Tetrachloroethane, see C 2 PI 2 CI 4 
Tetrachloroethylene, see C 2 CI 4 
Tetrahedral point groups, 8 
Tetrahedral molecules, see Td molecules 
and Spherical top molecules 
Tetrahedral XY 4 molecules, see XY 4 
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Thermal distribution of rotational levels: 
of linear molecules, 18i. 
of spherical top molecules, 40f. 
of symmetric top molecules, £9, 30, 37 
Thermodynamic quantities, calculation 
from spectroscopic data, 50 IS. 
(Chapter V,l) 

Third-law values of entropy, 5SSL, 533f. 
Three-fold axis of symmetry, 2 
TiCh, titanium tetrachloride, 167, 182, 
322 

Time-dependence of normal coordinates, 
70, 74, 205 

Time-dependent eigenfunctions, 252 
Top, see Asymmetric, Spherical and 
Symmetric top 
Torsional force constant, 183 
Torsional frequency, 2261. 

Torsional oscillations. 111, 194, 225S., 
272, 4H^‘ 

contribution to thermodynamic func- 
tions, 510S., 518t. 
energy levels for, 22Sff. 

correlation with free internal rota- 
tion, 226, 334, 494, 495 
of individual molecules: 

C 2 H 4 , 328, 458, 467 
C 2 H 6 , 843i. 

CH 2 =C=CH 2 , 340 
CH 2 CI 2 , 318f. 

CH 3 OH, 334 
C 2 H 4 O, 341 

planar X 2 Y 4 molecules, 183, 259, 265 
tetrahedral X 2 YZ 2 , 240, 259 
potential energy for, 22Sff. 
from thermodynamic data, 328, 339f., 
343L, 354, 356, 361 
Total angular momentum: 

J, of linear molecules, 15i. 

J, of spherical top molecules, 38 
J, of symmetric top molecule, 22S. 

P, J, of asymmetric top molecules, 42S. 
Total angular momentum operator P, 
208, 375, 403f. 

Total eigenfunction: 

behaviour with respect to symmetry 
operations, IO4 

including nuclear spin, 410i., 451, 432, 
465 

resolution into product of electronic, 
vibrational and rotational eigenfunc- 
tions, 15, 252 


Total eigenfunction (Cont.) : 

species of (see also over-all species), 15, 
123, 407n., 449, 462S. 

Total energy Cn, including translation, 
501 

Total energy (term value) of vibration 
and rotation: 

of asymmetric top molecules, 460 
of linear molecules, 371 
of spherical top molecules, 446 
of symmetric top molecules, 4OO 
Total heat capacity, calculated and ob- 
served values, 516L 

Total internal energy, EP, per mole, 512 
Totally symmetric Raman lines (bands) : 
of asymmetric top molecules, 4001. 
polarization of 249, 2701., 341 
sharpness of 444^-^ 401 
of symmetric top molecules, 441^-> 444 
of tetrahedral molecules, 458 
Totally symmetric rotational levels, 4-00, 
451,462 

Totally symmetric species, vibrations, 
eigenfunctions, 105, 108 
Total partition function, 5011., 512, 519 
Total rotational energy of molecules with 
free internal rotation, 4021. 

Total statistical weight (see also Sta- 
tistical weight), 501 
including nuclear spin for unsymmetric 
molecules, 16f., 27, 509 
independent of inversion doubling, 41 6, 
465f. 

Total vibrational angular momentum, 
376 

Total vibrational eigenfunction, 76, 791. 
symmetry properties, species, 102S., 

1241. 

Total vibrational energy: 

in harmonic oscillator approximation, 
74, 771. 

including anharmonic terms, 204S., 

2101. 

Transdichloroethylene, see C 2 H 2 CI 2 
Transformation : 

of coordinates or position, 82 
orthogonal, 941-, 99 
Transformation law: 

of degenerate normal coordinates, 881., 
94&., 99 

for mutually degenerate eigenfunc- 
tions, 104 
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Transformation properties (see also 
Characters): of ot^y, . . - , 

Trans isomers of C2H4CI2 and C2H2CI4, 

sfes. 

Transition moment, 32, 252, 414 , 422 
Transition probability, 56, 249, 252t 
Transition points, thermal, correspond- 
ing to free rotation in crystals, 533 
Translational energy, etr, 501f. 
Translational partition function, 602 
Translations, as non-genuine vibrations, 
see Non-genuine vibrations. 
Triatomic molecules (see also XY2 and 
XYZ molecules): 
isotope effect in, 228^1, 
observed spectra of individual mole- 
cules, 272n. (Chapter III,3a) 
structure of vibration spectrum, 262, 
263f. 

vibrational energy level diagram, 77 , 
78 

Trihalides of phosphorus, arsenic, an- 
timony and bismuth, I 64 , 177, 297i. 
Triply degenerate normal coordinates, 99 
Triply degenerate species (symmetry 
types), lost, 12 m., 140, 272 
Triply degenerate vibrational levels, 
splitting of, due to Coriolis interac- 
tion, 447 ^^ 

Triply degenerate vibrations (eigenfunc- 
tions), 81, 86, 99, lOOf., 103, 122 
characters for, 108^. 
necessary occurrence for molecules 
with more than one three-fold axis, 
101 

potential energy of, 99 
splitting in isotope effect, 286^. 
Tunnel effect, 220 ^. 

Twelve-atomic molecules, observed spec- 
tra of individual molecules, S62E. 
(Chapter III,3j) 

Twisting vibrations, see Torsional oscilla- 
tions 

Two-fold axis of symmetry, 2 
Type A infrared bands of asymmetric top 
molecules, 484 

energy level diagram for rotational 
structure of, 470 

intensities of band lines and intensity 
alternation, 4^9, 471, .^74ff. 
strong central maximum, .^7Jff., 483 
structure for various values of p = BIA, 

472 


Type B infrared bands of asymmetric top 
molecules, 47'7ff. 

energy level diagram for rotational 
structure of, 47Sff. 
envelope of, 483 
intensity alternation in, 479i. 
no central branch of, 47 8i., 483 
structure for various values of p = BI A, 
476, 477f. 

Type C infrared bands of asymmetric top 
molecules, 48 OM. 

energy level diagram for rotational 
structure of, 480, 481 
intensity alternation in, 482 
strong central maximum for, 480f., 483 
structure for various values of p == BIA, 
480, 482 

Types of infrared bands: 

of asymmetric top molecules, 469&. 
of linear molecules, 380E. 
of molecules with free or hindered in- 
ternal rotation, 4D7i. 
of symmetric top molecules, 414, 4I6, 

424, 428 

Types of Raman bands: 

of asymmetric top molecules, 400i. 
of linear molecules, 399 
of spherical top molecules, 458 
of symmetric top molecules, 441 ^. 

Types of rotational levels see Rotational 
levels 

U 

u, subscript of species antisymmetric 
with respect to inversion, 105, 114, 
118, 121, 124 

selection rule for, 256, 379f. 

Unresolved infrared bands: 

of asymmetric top molecules, 482^, 
of linear molecules, 388, 391 
of symmetric top molecules, 426, 432 

Unresolved Raman bands: 

of asymmetric top molecules, 480f. 
of linear molecules, 399 
of symmetric top molecules, 444ff. 

Upper stage bands, 267f. 

Unpolarized incident light in Rayleigh 
and Raman scattering, 247f. 

Unsymmetrical molecules, all normal vi- 
brations active, 239, 242 

UO 2 ++, uranyl ion, 287 

Uranus, CH 4 bands in spectrum of, 307f. 
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V 

v', vx\ • • • j vi", v^', • • • vibra- 
tional quantum numbers of upper 
and lower state respectively, 252, 
260 

Vaj apparent velocity in rotating coordi- 
nate system, 374 

Vi, vibrational quantum number, 77, 205, 
210f. 

selection rule for, 260 

vt, quantum number of torsional oscilla- 
tions, 226i., 4951 

V, potential energy of molecule (^ee also 
Potential energy), 7Si., 94, 204t. 

F molecules: 

numbers of vibrations of each species, 
134 

over-all species of rotational levels, 
462, 464f. 

rotational selection rules, 441, 408i. 
types of infrared bands, 
vibrational selection rules, 252 

V (= Dz), point group, 61, 11, 508 
relation of species to those of Vd, Cz, 
237 

species and characters of Idff, 114, 126 

Vo, height of potential barrier for internal 
rotation, torsional oscillation (see 
also Potential barrier), 22Sff., 492, 
494 L, 510 

F(x), potential energy for torsional os- 
cillations, 225ff. 

Yd molecules: 

numbers of vibrations of each species, 
137 

selection rules for, 25S 

Vd (= Dzd), point group, 6, 8, 11, 508 
relation of species to those of V, Czv, 
C 2 , Cs, Td, 237 

species and characters of, 112 fl., 126f., 
129 

Vh molecules: 

activity of fundamentals in infrared 
and Raman spectrum, 259 
intensity alternation in fine structure 
of infrared bands, 476f., 48O, 482 
non-combining modifications, S4i., 4^9 
numbers of vibrations of each species, 
134 

rotational partition function and sym- 
metry number, S07i. 
rotational selection rules, 468i. 


Vh Molecules (Cont.) : 
species of higher vibrational levels, 124 
statistical weights of rotational levels, 
54f., 465 

symmetry properties (over-all species) 
of rotational levels, 54f., 4^^7 464f. 
types of Coriolis perturbations, 467 
types of infrared bands, 4^9, 470fT,, 
475, 480, 481 

vibrational selection rules, 252, 256, 
441ff. 

types of Raman bands, ^-fiff., 490 

Vh Dzh), point group, 8, 12, 508 
relation of species to those of other 
point groups, 234, 236&., 329 
species and characters of, i06fi,, 126 

Vacuum correction of infrared wave num- 
bers, 272 

Valence angles, observed values, see in- 
dividual molecules and molecular 
types 

Valence force coordinates, 149, 154, 168 

Valence force field, superior to central 
force field, 17/ 

Valence forces, assumption of, for the 
calculation of vibrational frequencies 
and force constants, 158, 
(Chapter II,4d), 198 
check on consistency, 170, 182 
introduction of interaction constants, 
186L 

for linear XY 2 molecules, 172i 
for linear X 2 Y 2 molecules, ISOi. 
for linear and non-linear XYZ mole- 
cules, 1 7Sff . 

mixed with central forces, 187 
for non-linear XY2 molecules, 16'5’IT., 
for planar X 2 Y 4 molecules, 183^. 
for planar XYZ 2 molecules, i7.9f. 
for pyramidal and planar XY3 mole- 
cules, 175L, 177ff. 
table of molecules treated, 185 
for tetrahedral XY 4 molecules, 181iT. 

Valence force system, see Valence for(^eK, 
assumption of 

Valence type symmetry coordiriatoK, 
146f. 

Valence vibrations, 194 

Vector diagram of symmetric top, 22 f. 

Velocity of light, 160, 538 

Velocities of nuclei in normal vibrations, 
67, 69, 134 

Venus bands of CO 2 , 274f. 



SUBJECT INDEX 


627 


‘'Vertical” plane of symmetry, o-„, 5, 7 

Vibrational analysis, check by isotope 
relations, 228i. 

Vibrational angular momentum (see also 

r, u)' 

for degenerate vibrations, 75f., 81, 
126f., 215, 402E., 447f. 
interaction with rotational angular mo- 
mentum, 402 
internal, 404 

in linear molecules, 12G, 128, 21 It, 371, 
575^f., 380 

magnitude of, 402ff. 
for non-degenerate vibrations, 208f., 
S78t 

in spherical top molecules, 447 f. 
in symmetric top molecules, 402&. 

Vibrational assignments, check by iso- 
tope relations, 228f. 

Vibrational constants coi and Xi^, 20Sff., 
210ff., 228ff., 232ff., 371 

Vibrational degrees of freedom, 6*1 f., 67, 
6*P 

Vibrational eigenfunctions, 15, 76*ff. 

(Chapter 11,2), 252 
effect of anharmonicity on, 209 
effect of symmetry operations on, 82, 
lOlff. (Chapter II, 3c) 
even or odd function of ^i, 80 
species of, (Chapter II, 3d), 209 

for multiple excitation of one or more 
vibrations, 123^1. (Chapter II, 3c) 
total, 76, 7.9f. 

Vibrational energy (term value) : 
cubic terms in, 279f. 
referred to lowest state, 78, 206, 208, 
211 

referred to potential minimum, 77f., 
205, 208, 210t 

Vibrational energy level diagrams, sec 
Energy level diagrams 

Vibrational energy levels, 61, 76*ff, 

(Chapter 11,2) 

limitations of formulae for, 219 
species for multiple excitation of one 
or more vibrations, 123^. (Chapter 
II,3e) 

symmetry properties, (Chapter 

II, 3c) 

taking account of anharmonicity, 
205n., 210fi. 

for torsional oscillations, 225ff., 49Sf. 


Vibrational entropy and free energy, 

62m, 

Vibrational frequencies (see also Normal 
frequencies), 68t., 77, 140i., 144 
•comparison in gaseous, liquid, and solid 
state, 5S4i. 

from force constants, 140^. (Chapter 
II,4b) 

influence on chemical equilibria, 527 
of isotopic molecules, 228&. 

Vibrational heat capacity aiid heat con- 
tent, BlSfl. , 

Vibrational infrared spectra, see Infrared 
vibration spectra 

Vibrational isotope effect, 227&, (Chapter 

11 , 6 ) 

Vibrational levels, see Vibrational energy 
levels 

Vibrational motion, classical, 61 ff . (Chap- 
ter 11,1), 204i- 

Vibrational partition function, 503&., 
514, 527 

Vibrational perturbations (see also Fermi 
resonance), 215 f£., S78f., 466 
for H 2 O, 21 8t 

Vibrational quantum number, 77, lOlf., 
205, 21 Of. 

Vibrational Raman spectra, see Raman 
spectra, vibi’ational 

Vibrational selection rules, 251^., 2581&., 
26 m. (Chapter III,2b,c,d), 379, 
398f., 414f., 441, 453 
only for symmetrical molecules, 253 
violation of, S28, 343, 346, 364, 380, 
415, 456f., 467, 469 

Vibrational spectra, see Vibration spectra 

Vibrational statistical weight, 502f- 

Vibrational term values see Vibrational 
energy 

Vibrational transition probability, 252i. 

Vibrationless ground state, totally sym- 
metric, 10 If., 258 

Vibration-rotation spectra see Rotation- 
vibration spectra 

Vibrations, 6*Iff. (Chapter II) 
anharmonicity and interactions of (see 
also Anharmonicity), (Chapter 
11,5) 

bond-bending and bond-stretching, 
192^. (Chapter II, 4f), 272 
degenerate, see Degenerate vibrations 
designation of, 163, 27 li. 
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Vibrations (Cont.) ; 

interaction with rotation (see also In- 
teraction of rotation and vibration) 
(Chapter IV) 

of a mass suspended by an elastic bar, 
62, 63f. 

of molecular models, lB 7 i. 
of molecules in liquids and solids, 
normal, see Normal vibrations 
number of, of a given species, ISl^. 

(Chapter II,4a), 258 
species symbols for, 124 
symmetry properties and species of, 
82^. (Chapter 11,3) 

Vibration spectra (see also Infrared vi- 
bration spectra and Raman spectra, 
vibrational) : 

analysis, with the help of character- 
istic group frequencies, 199 
of individual molecules, 271^i. (Chap- 
ter III, 3) 

methyl halides, 315 
triatomic, 272fl. (Chapter III, 3a) 
four-atomic, 288&. (Chapter III, 3b) 
five-atomic, SOSfl. (Chapter III,3c) 
six-atomic, 32SE, (Chapter III, 3d) 
seven-atomic, S36&. (Chapter III,3e) 
eight-atomic, 342&. (Chapter III,3f) 
nine-atomic, S62E. (Chapter III,3g) 
ten-atomic, 356fi. (Chapter III,3h) 
eleven-atomic, 3B9&, (Chapter 
ni,3i) 

twelve-atomic, 362E. (Chapter 
111,3 j) 

object of their study, I 40 
“Vierergruppe’^, 7 
Violation of selection rules: 

due to Coriolis perturbation, 328, 380, 
415, 4561., 467, 469 
in the liquid state, 343, 346, 364 
Virtual entropy, 522 
V.S., very strong, 274 

V. W., very weak, 274 

W 

w., weak, 274 

W, perturbation function, 2151. 
lVioo,o 2 °o, matrix element (interaction 

constant) for Rermi resonance in 
linear symmetrix XY 2 , 218 
W ni, matrix element of perturbation 
function, 2151., 2181., 222 


Wr, parameter for rotational energy 
levels of asymmetric top, 4611 ■, 460 
parameter for rotational levels of 
vibrating asymmetric top, 460 
Wang’s equation for energy levels of 
asymmetric top, 46, 460f., 466 
Water-gas equilibrium, 529 
Water, see H2O, D2O, HDO 
Wave equation, see Schrodinger equation 
Weakness of non-to tally symmetric Ra- 
man lines, 444 

Whole-molecule-bending vibrations, 318, 
327 

Width of Raman lines, as criterion for 
type of transition, 444l-> 401 
WO 4 , tungstate ion, 322 
WXYZ molecules, linear, on the assump- 
tion of valence forces, 185 
WXYZ molecule, non-planar, optical 
isomers of, 220 

X 

Xi, Xk displacement coordinates, 61, 68, 73 
Xik, anharmonicity constants, 205E., 
210n., 217, 371, 504 

a;?*, anharmonicity constants, 20611., 211 , 
264 

x^iki anharmonicity constants for isotopic 
molecules, 2291. 

Xi, vibrational constants (= co», or = 03 p), 
205f. 

Xik, anharmonicity constants (= Xik), 
205 

normal coordinates, 701., 85f., 
94f., 208 

X3 molecules, equilateral: 

Coriolis forces in, 4OI, 402 

form of normal vibrations, 84, 85, 87, 
90, 57, 116 

formulae for frequencies, assuming val- 
ence forces, 172 

vibrational angular momentum, 75f., 

4021. 

^i value, 405 
X 4 molecules: 

plane (V/0 or square (£> 4 a), on tlic a.s- 
sumption of valence forces, 185 

square, normal vibrations of, 91, 92, 
118 

tetrahedral, I64, 185 
Xs molecules, planar symmetrical, 92, 93, 
95E., 116, 185 



SUBJECT INDEX 


629 


Xe molecules, planar hexagonal (Dch), 
93f., 97, 118, 185 

Xs molecules of point group Bid, as- 
sumption of more general quadratic 
potential function, 191 

Xs molecules of point group Oh, lOf. 

X2CO, plane vibrations of, as functions 
of mass of X, 199, 200f. 

X-ray diffraction, supplying not 
values, 372 

XY2 molecules, linear symmetric: 
Coriolis interaction in, 374, 375f. 
effect of anharmonocity on vibrational 
levels, ^11 f. 

Fermi resonance (perturbations), ^17f. 
form of normal vibrations, 66f., 8S, 84, 
8&f., 272 

formulae for normal frequencies and 
force constants, 19Sf. 
on the assumption of valence forces, 
17^f. 

on the assumption of more general 
force fields, 187 

formulae for rotational constants cx.£, 
376f. 

infrared activity of fundamentals and 
overtones, 2S9i., 261, 262 
internuclear distances in, S96, 398 
isotope effect in, 2S0f. 
potential and kinetic energy, ISSi., 
217i. 

potential surface, 202, 203f. 

Raman activity of fundamentals and 
overtones, 242 i., 246 f., 261, 262 
rotational constant D, 1 4 
symmetry coordinates, 163L 
vibrational angular momentum, 7Sf., 
375f. 

XY2 molecules, linear unsymmetric: 
activity of fundamentals, 251 
effect of anharmonicity on vibrational 
levels, 2111. 

identical ijotential minima, 220 
statistical weights of rotational levels, 
17 

XY2 molecules, non-linear symmetric (see 
also Asymmetric top molecules) : 
activity of fundamentals, 240, 243, 

246 , 261 , 268 

acitivity and intensity of overtone 
bands, 262i. 

arbitrary displacement in terms of 
normal coordinates, 70 


XY2 molecules (Cont.) : 

Coriolis forces in, 466f. 
determination of angle from vibration 
spectrum, 170, 228&. 
form of normal vibrations, 66f., 133ff., 
160, 1711, 187 

formulae for normal frequencies and 
force constants, 145, I 4 S&. 
on the assumption of central forces, 

leoL 

on the assumption of valence forces, 
168&. 

on the assumption of more general 
force fields, 186f. 
isotope effect of, 228ff. 
observed fundamentals, 161 
polarizability ellipsoid, 244 
potential and kinetic energy, 1481 ., 
160, 168i., 186, 189 
rotational constants <Xi, 461 
symmetry coordinates, 146, 14Si., 

1681, 171 

symmetry elements of, 2, 3 
with Y — Y bond, 1 72 
XYs molecules, planar (see also Sym- 
metric top molecules) : 
form of normal vibrations, 179 
formulae for normal frequencies and 
force constants, 777ff., 191 
influence of anharmonicity on vibra- 
tional levels, 212 i. 

intensity alternation in infrared bands, 

41 8 

moment of inertia, 438 
potential energy, 178 
rotational energy levels in different vi- 
brational states, 400f., 403f£. 
symmetry properties and statistical 
weights, 28, 408f. • 

symmetry coordinates, 178 
symmetry elements of 2, 3 f., 8 
vibrational angular momentum, 402ff. 
fi values and sum, ^O^f. 

XY3 molecules, pyramidal (see also Sym- 
metric top molecules): 
angle B between X — Y bond and axis 
from vibration spectrum, 155f., 16Si. 
form of normal vibrations, llOf., 139, 
167, 177 

formulae for normal frequencies and 
force constants, 164 ^- 
on the assumption of central forces, 
/6'^ff. 
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XYz molecules (Cont.) : 
formulae for normal frequencies and 
force constants (Cont.) ; 
on the assumption of valence forces, 

mn. 

on the assumption of more general 
force fields, 187i. 

influence of anharmonicity on vibra- 
tional levels, 21^, 214f. 
inversion doubling, 220f£., 411, 412f. 
moments of inertia, formulae, 4^8 
potential and kinetic energies, ISSf., 
U2, 175 1, 1871, 222f. 
rotational energy levels in non-degen- 
erate and degenerate vibrational 
states, 400i., 403&. 
symmetry properties and statistical 
weights, 408ff., 412f. 
splitting of li degeneracy, 219 
symmetry coordinates, 154, lS5fS., 162, 
175 

vibrational angular momentum, 402ff. 
values and Ti sum, 402, 404 
XY 4 molecules planar, 3f., 8, 185 
XY 4 molecules pyramidal, normal vibra- 
tions of, 113 

XY 4 molecules, tetrahedral (see also Td 
molecules and Spherical top ’ mole- 
cules) : 

activity of fundamentals, 259 
Coriolis interaction in, 441^- 1 48 lH- 
displacement coordinates in, 165f. 
form of normal vibrations, 99, lOOf., 

122 

formulae for normal frequencies and 
force constants: 

on the assumption of central forces, 
165fl. 

on the assumption of valence forces, 
181fl. 

on the assumption of more general 
force fields, 189 

number of vibrations of each species, 

140, 166 

isotope effect, 231, 2S5i., 307 

correlation of normal vibrations for 
unsymmetric substitution, 238, 
309 

polarizability ellipsoid, 244, 246, 248 
potential energy, lG5i., 181, 189 
species of higher vibrational levels, ISO 
sum rule, 443 


XYe molecules, octahedral (see also 
Spherical top molecules), 10, 122f., 
191 

X 2 Y 2 molecules, linear symmetric (see 
also Linear molecules) : 

• activity of fundamentals and over- 
tones, 240, 243, 262 
Coriolis interaction in, 376, 379 
effect of anharmonicity on vibrational 
levels, 212, 213 ^ 

form of normal vibrations, 119, 181 
formulae for normal frequencies and 
force constants, 180f., 188f. 
potential energy, 180, 188 
rotational constant D, 1 4 
symmetry coordinates, 180, 181 
X 2 Y 2 molecules, non-linear, 185, 191 
X2Y4 molecules, planar symmetrical (see 
also Vh molecules) : 

activity of fundamentals, 240, 243, 259 
activity of overtone and combination 
bands, 262, 265 

calculation of normal frequencies and 
force constants (potential con- 
stants),. 150^. 

on the assumption of valence forces, 
183^. 

on the assumption of more general 
forces, 189^. 

Coriolis forces and types of interaction 
in, 467 

form of normal vibrations, 107f. 
isotope effect, 233i. 
moments of inertia, 233 
number of vibrations of each species, 
150 

potential energy and energy levels for 
torsional oscillations, 220f., 22Sff. 
potential and kinetic energy, 1511., 
183, 189t 

symmetry coordinates, 150, ISlff., 190 
symmetry elements, 2, 3 
X 2 Y 6 molecules, eclipsed or staggered, of 
point groups Dsa and Dza (see also 
Dzh and Dzd molecules) : 
calculation of normal frequencies and 
force constants, 185, 191 
form normal vibrations, 114, llSf. 
potential energy and energy levels for 
torsional oscillation, 220, 225ff. 
symmetry elements, 2, 3 
i'i sum, 405 

X 2 Y 6 molecules, of point group Vh, 185 
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X 3 Y 3 molecules, planar symmetrical, 
normal vibrations, 91, 97, 116 
X 3 Y 6 molecules of point group D^h, 191 
X 4 Y 4 molecules, non-planar tub form 
(point group S 4 ), 5 , 6 
XsYio, planar symmetrical, 3f., 9 
XeYa molecules, planar of point group Vh, 
185 

X 0 Y 3 molecules, planar of point group 
Dsh, 185 

XeYe molecules, planar symmetrical of 
point group Dan, 3f., 118, 191 
XYY^^^ molecules, isotopes of XY 2 , 

244 

XYY 3 (^>, XY 2 Y 2 (^>, and XY 3 YC^>, isotopes 
of XY4, 3SSf., 238 

X 2 Y 2 Y 2 ^^^ isotopic molecules of X 2 Y 4 , 234 
XYZ molecules, linear (see also Linear 
molecules) : 

effect of anharmonicity on vibrational 
levels, 21 If. 

form of normal vibrations, 112 , 174 
formulae for normal frequencies and 
force constants, 173f., 191 
fundamentals, 174, 272 
isotope effect, 231 

rotational constants D and «£, I4, 376 
symmetry elements of, 3f., 7 
XYZ molecules,' non-linear: 
displacement coordinates, 141 
form of normal vibrations, 142 
formulae for normal frequencies and 
force constants, 144, 174f- 
isotope effect, 231 

solution of secular equation for, 141ff- 
XYZ 2 molecules, planar (see also Asym- 
metric top molecules): 

Coriolis forces and types of interaction 
in, 467 

formulae for normal frequencies and 
force constants, 179f., 191 
model of, 64 

normal vibrations of, 65ff., 83, 100 
potential energy, 179 
symmetry of vibrational eigenfunc- 
tions, 102 

XYZ 3 molecules, axial (see also C 3 ,, and 
Symmetric top molecules) : 
activity of overtone and combination 
bands, 265 

formulae for normal frequencies and 
force constants, 185, 191 
inversion doubling, 220E. 


XYZ 3 molecules (Cent.) : ■ 

isotope effect, 234f> 
moment of inertia, 235 
rotational energy levels for different 
vibrational levels, 400f., 403i, 
influence of nuclear spin, statistical 
weights, 27f., 4i0f. 
values and sum, 404f. 

XYZ 3 molecules, planar, of point group 
C2v, 185 

XY 2 Z 2 molecules, linear (Dooh), 185, 191 

XY 2 Z 2 molecules, planar, of point group 
Vh, 2, 3, 185 

XY 2 Z 2 molecules of point groups C^v and 
Czk, 185, 191, 248f. 

X(YZ 4)6 molecules of point group O, 9, 
lOf. 

X 2 YZ 2 molecules of point group C2v (see 
also XY 2 Z 2 ), 240, 259 

X 2 Y 2 Z 2 molecules, planar, of point group 
C2h, 2, 31 

X 2 Y 2 Z 2 molecules, planar, of point group 
Vh, 184 

Y 

1/i, Uk, displacement coordinates, 61, 68, 
73 

Y4 molecules, tetrahedral (see also X4), 
100 

Z 

Zi, Zk, displacement coordinates, 61, 68, 73 

.f, ft-, magnitude of vibrational angular 
momentum (see also Vibrational 
angular momentum), 215, 313, 

402fi., 447f., 494 

dependence on potential constants and 
geometric data, 403, 4S6, 448 
dependence on Vi, 4O6 
determination of, 4^6, 44Sf. 
effect on band structure, 420^,, 4431, 
4541., 459 

effect on determination of rotational 
constants, 4^^^', 4^4^- 
observed values, 4^S, 456 
for overtone and combination levels, 
405L, 448t. 
sign of, 405, 448 

sum rules for, 404^-, 4^0, 438, 448, 4^41 

f f /, constants of vibrational angular 

momentum, 406, 436 
t^ik, t?k, constants of vibrational 
• angular momentum, 375, 404 





